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ABSTRACT
Synthesis and Characterization of
Fe.rhalogenated Bromoacetaldehyde Polymers
(May, 1977)
<
David w, Lipp, B.S., Texas A&M University
University of Delaware, Ph.D. University of Massachusetts
Directed by: Professor Otto Vogl
ir^modichloroacetaldehyde and Chlorodibromoacetaldehyde were
synthesized and characterized by elemental analysis, I.R. spectro-
1 13
SQQpy, H and C NMR spectroscopy. These two aldehydes and tri-
bromoacetaldehyde were homopolymerized in the presence of nucleo-
philes and certain acids, to give high molecular weight polymers
which were insoluble in all solvents tested. Characterization of
these homopolymers by elemental analysis, I.R. spectroscopy, and
thermal degredations indicated that they were linear substituted
polyoxymethy lenes with structures closely resembling isotactic
polychloral . The threshold polymerization temperatures (1 molar
solution of monomer in toluene) were determined by an instrumental
technique to be: chloral + 18°C bromodichloroacetaldehyde - 11°C
cfclorodibromoacetaldehyde - 4 3°C, and tribromoacetaldehyde - 7 5°C +
2°C» The thermal stabilities were determined by DTG analysis and
all homopolymers prepared with nucleophilic initiation degraded to
mtzjnxamer qmoucr.titatively around 150°C while the homopolymers prepared
vi
with acidic initiators were stable up to 200°C. The homopolymers
could be stabilized by treatment with PC1
5
and the degredation
temperatures for stabilized samples were above 250°C. Stabilized
homopolymers, by DSC, showed no significant transitions below the
degredation temperatures. All of the homopolymers were semi-
crystalline and showed X-ray scattering patterns which closely
resembled X-ray patterns for polychloral. Low angle polarized light
scattering patterns from films of polychloral and polybromodichloro-
acetaldehyde indicated a rod-like morphology and superstructure.
Bromodichloroacetaldehyde, chlorodibromoacetaldehyde and bromal
were copolymerized with aryl *-and alkyl isocyanates. The comonomer
content was characterized by l.R spectroscopy and elemental analysis
and it was found that bromal was more reactive than chlorodibromo-
acetaldehyde which was more reactive than bromodichloroacetaldehyde
in copolymer izations with isocyanates. A 1:1 copolymer of bromal
and phenylisocyanate was prepared. These isocyanate copolymers
degraded at temperatures between 200°C and 280°C by DTG analysis
and they showed no transitions below these temperatures by DSG analy-
sis. Bromal, bromodichloroacetaldehyde, and chlorodibromoacetaldehyde
copolymerized with chloral and the copolymers were insoluble semi-
crystalline and resembled isotactic polychloral. It was concluded
that the 3 brominated aldehydes formed polymers which were very
similar to isotactic polychloral. Stereoregular polymers were
obtained in the presence of non-stereoregulating initiators; the bulky
side groups allowed only successive meso additions to the growing
polyaldehyde chains to form isotactic helical molecules under all
reaction conditions.
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1INTRODUCTION
A. Background
The polymerization of (X
-olefins and vinyl ethers can
be carried out under certain conditions to give polymers
with well defined and uniform stereochemistry along the
polymer chains. In principle, a new chiral center is
formed upon each addition of a new monomer unit during the
formation of the polymer chain. Most stereoregular poly-
mers have their side groups arranged in a meso configura-
tion along the polymer chain and these polymers are called
isotactic polymers. Syndiotactic polymers are less common
and have been only described for polypropylene, poly - 0<.
methylstyrenes
,
poly o^-chloroacrylates
,
poly (vinyl-
chloride), a few propenyl ethers, and poly (methylmetha-
crylate)
.
Stereospecfic polymerization of oC -olefins and vinyl
ethers require the use of transition metal initiators of
complex structure with or without additional promotors or
co-initiators. Sometimes bimetallic complexes have been
described as the most effective initiators. The effective-
ness of complicated transition metal initiators depends on
2the capability of the transition metal to expand its orbi-
tals and form unstable coordination complexes with olefins
in which the olefin is brought to the reaction site in a
stereoregular configuration. To some extent the electron
density and size of the side group and polarization of the
olefinic double bond play a role in the determination of
the ultimate stereoregularity of the polymer chain. It is
however, believed that the primary responsibility for most
stereoregular polymerization of olefins and vinyl ethers
rests on the stereoregulating capability of the transition
metal complexes and the stereospecificity of this complex
in the transition state of the growing chain.
Stereoregulation may also occur in ring opening poly-
merization of substituted cyclic ethers, particularly the
polymerization of epoxides. The examples here are the
polymerization of propylene oxide, and to some extent of
phenyl glycidyl ethers. The stereoelecticity in cyclic
ether polymerization is somewhat different than that of
the carbon-carbon bond opening polymerization of (^-olefins.
In the case of propylene oxide the polymerization consists
of a stereoelection of one enantiomer over the other. The
final result however is the same as in other stereospecific
polymerizations: the formation of stereoregular usually
isotactic polymers. The most effective initiators for the
stereoelective polymerization of propylene oxide were mod-
ified aluminum alkyl/water or alcohol systems or zinc
alkyl/water or alcohol systems sometimes modified with
aromatic amines or carbonyl compounds. These initiator
systems were used with or without the use of epichlorohy-
drin as promoter.
Shortly after the discovery of stereoregular polymers
of olefins, vinyl ethers, and propylene oxide it was dis-
covered that acetaldehyde and other aliphatic aldehydes
were capable of undergoing stereospecific polymerization to
yield what was later found to be isotactic polymers. Iso-
tactic polyacetaldehyde was obtained with alkali metal
oxides, in an anionic polymerization, and with BF^-etherate
in a cationic polymerization. Very effective initiation
was obtained with alkali metal oxides, in an anionic poly-
merization, and with I^etherate in a cationic polymeriza-
tion. Very effective initiators for the polymerization of
acetaldehyde and other higher aliphatic aldehydes were
aluminum alkyl based initiators which were modified with a
variety of alcohols and amines. Alcohols and amines with
responsible for the polymerization to isotactic polymers in
cases where coordination of the monomer is not an essential
part of the propagation step. Halogenated acetaldehydes
containing side groups of various sizes were expected to
polymerize under essentially the same conditions in all
cases. Fluorine, chlorine, and bromine substituents would
give side groups of increasing size and these side groups
could affect the polymerizability of these compounds. It
was recognized however that the inductive effects of the
individual halogens and their polarizabilities could affect
the election density and charge distribution in the carbonyl
group which might influence the polymerizability of these
compounds
.
Aldehydes with side groups larger than trichloromethyl
have not been polymerized. Although efforts have been made
in the past to polymerize bromal, all efforts have failed.
It was believed that either the side group of bromal was
too large to be accommodated in a polymer chain or that an
impurity still remained in bromal even after careful puri-
fication which prevented its polymerization.
This work was consequently undertaken to prepare
8polymer grade dichlorobromoacetaldehyde and dibromochloro-
acetaldehyde, to develop techniques for the polymerization
of these two aldehydes, to find new techniques for the
purification and possible polymerization of bromal itself,
and to study the influence of the side group size on the
stereoregularity of the polymers obtained.
B. Preparation and Properties of Haloacetaldehydes
1. Chloroacetaldehydes
Chloral was first prepared by Liebig in 1832.
^
Dichloroacetaldehyde and monochloroacetaldehyde have also
been reported in the literature
.
(2 " 3)
The chlorinated
acetaldehydes have been important chemical intermediates
for many years and several processes have been developed
for the synthesis of these compounds.
A. Preparation of Chloral
The most important syntheses of chloral involve the
chlorination of ethanol, or the chlorination of
acetaldehyde. (20
" 36)
1. From Ethanol
Ethanol is chlorinated with elemental chlorine at
200°C in an inert solvent. Actually the alcohol function
is oxidized to the aldehyde and the chlorination proceeds
via acetals of acetaldehyde chloroacetaldehyde and chloro-
ethers, chlorination giving chloral. Chloral has been
purified by treatment with concentrated H2SO4, and dis-
tillation from H2SO4 at 25°C and 50 mm pressure .
(
17 ~ 20 )
In one large scale process the chlorination was carried
out under irradiation in two stages. ( ^
)
2. From Acetaldehyde
Chloral has been synthesized in a two step process
from ethylene where acetaldehyde is produced in the first
step or in a one step process from acetaldehyde itself.
In the two step process (35, 39, 41) HC1 was oxidized to
chlorine and the ethylene was converted to acetaldehyde
which was then chlorinated.
PdCl2 Cl2
H2C=CH2 + 1/2 0 2 CH3CHO » CCl 3CHOf3HClCuCl2 HCl/PdCl2
The last step is not simple because HC1 is a catalyst
for the condensation reactions of acetaldehyde and it is
easy to obtain chlorination products of crotonaldehyde
.
(27 28^
9 J There are several patents on the synthesis
(21-32)
chloral from acetaldehyde in a one step process.
Paraldehyde, the trimer of acetaldehyde has also been
chlorinated to chloral; in one process (30-32) t^e
chlorination was carried out in the presence of SbCl3 and
a second process (35) uses CuCl2 , LiCl and Cu (0 Ac) 2 as
catalysts for the chlorination.
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B. Preparation of Dichloroacetaldehyde
Dichloroacetaldehyde was obtained by chlorination of
acetaldehyde or chlorination of ethanol.
1. From Acetaldehyde
Acetaldehyde was chlorinated under ultra-violet ir-
radiation at 20-30°C until the density was 1.489. The
reaction mixture contained mainly dichloroacetaldehyde in
polymeric form which was thermally degraded
. Mon-
chloroacetaldehyde was a by-product of this chlorination;
its formation could be suppressed by adding organic sul-
fonic acids. Trichloroacetic acid was found to be
a good solvent for the chlorination of acetaldehyde to
dichloroacetaldehyde . (24, 25)
2. From Ethanol
Dichloroacetaldehyde has been obtained by the
(A)
chlorination of ethanol in the form of the acetal^ ' when
ethanol was saturated with chlorine at 10-35°.^ Ethanol
could also be chlorinated in the vapor phase in the pre-
sence of an electric discharge. 8 ^ Almost all prepar-
ations of dichloroacetaldehyde which were obtained by
chlorination of ethanol or acetaldehyde contained chloral.
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A synthesis of pure dichloroacetaldehyde has been recently
achieved by hypochlorination of trans
-1, 2-dichloroethane in
dioxane (which was free of chloral).
C. Preparation of Chloroacetaldehyde
Appreciable amounts of monochloroacetaldehyde could
be isolated from technical acetaldehyde when it was pre-
pared by oxidation of ethylene with PdCl2 -CuCl2 catalysts.
(39-41) Direct chlorination, under anhydrous conditions
of paraldehyde has been reported/42 "46 ) Monochloroace-
taldehyde was also prepared as the diethylacetal by the
addition of chlorine or hypochlorous acid to vinyl ethers
or vinyl esters at low temperatures in the presence of
ethanol. (47-54) free aldehyde may be obtained by
treatment of the diethyl acetal from H2SO4/52 "60 )
C2H5OH
CH2=CHOC2H5 + HC10 >• CH2C1-CHC10C2H5
H H
2
S04
CH
2
C1C(0C
2
H
5 )
6—a->
"ClCH
2CHO
+HC1
Also chlorination of mixtures of acetaldehyde and alcohols
gave readily 1, 2-dichloroethylalkyl ethers which on
13
treatment with water gave monochloroacetaldehyde
.
(45 >
CH2C1CHC10R + H20 ^ CH2C1CH0 + ROH
+HC1
Other processes involved the addition of water during
chlorination. (9
" 14
) Ethanol has also been chlorinated in
the vapor phase with an electric discharge/ 7, 8 )
2. Bromoacetaldehydes
Brominated acetaldehydes have been known for a long
time ever since Lowig reported a synthesis of bromal in
1832.
^
57 ) Most of the syntheses reported for bromoacetal-
dehydes involve the bromination of ethanol or acetaldehyde
.
(58)
A. Preparation of Bromal
(59)Organic Synthesis contains a standard procedure
for the preparation of bromal from paraldehyde. The paral-
dehyde is added to a mixture of bromine and a small quan-
tity of sulfur to give bromal a 55% yield. Lowig synthe-
sized bromal by brominating ethanol or by brominating
diethyl ether in the presence of HBr.^ 7 ^ Bromal has been
prepared industrially by treating chloral with AlBr3 in
hexane at 60°C. (60)
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B. Preparation of Dibromoaceta ldehyde and
Monobromoaceta ldehyde
Dibromoacetaldehyde has been prepared by treating
acetaldehyde with bromine at 25-40 C° in chloroform, (61)
and by treating paraldehyde with bromine in chloroform/62 )
Bromoacetaldehyde has been prepared by brominating acetal-
dehyde with bromine in chloroform at low temperatures be-
low 5°C,(63 ) and by reacting acetaldehyde with bromine in
the presence of mercury. ^)
3. Preparation of Bromoacetaldehydes Containing a
Second Halogen
a. Bromochloroaceta ldehyde
Addition of bromine to an equimolar quantity of
diethyl 2-chlorovinyl phosphate in CCI4 yielded 570 of
diethyl 1,2 dibromo-2-chloro-ethyl phosphate and consider-
able quantities of unexpected products. Ethyl bromide and
bromochloroaceta ldehyde were produced.
H CCI4
(C2H5CO2 P-0-C=CCl >• ClBrCHCHO + C2H5Br
II H Br2
0 Primary Products
b. Other Aldehydes
Bromodichloroaceta ldehyde was synthesized in a three
15
step sequence recently but no details were given.
^
66
^
® H
I Bro
Ph3P + CCI3CHO > Ph 3P-0-C=CCl2
Bh.$ I H20
Ph3P—0—C—CC12 Ph 3P-^-0 + Cl 2CBrCH0
CI + HCl + HBr
A 1954 patent claims the synthesis of F
2CBrCH0^
67
^ but
Br 2CClCH0 FBr 2CCH0 and BrClFCHO have not been reported
C. Haloacetaldehyde Polymers
Homopolymers of fluoral, chloral, dichloroacetalde-
hyde, chloroacetaldehyde, dibromoacetaldehyde and di-
fluorochloroacetaldehyde have been described. Polychloral
was discovered first, in 1832, and is one of the oldest
known polymers. The synthesis of these polymers and their
physical properties are described below.
1. Chloroacetaldehyde Polymers.
A. Polychloral
Chloral will polymerize when initiated with anions,
with certain acids, and with certain organometallic com-
pounds. The polymerization initiated with anions have
16
been studied the most extensively and will therefore be
reviewed first.
(1) Polymerization of Chloral in the Presence of
Anionic Initiators
Chloral polymerized rapidly to high conversion with a
wide range of nucleophiles
.
(69
'
73
>
73
>
75)
These initia-
tors included ammonium, phosphonium and sulfonium halides
or carboxylates, tertiary amines and tertiary phosphines.
Alkali metal and alkaline earth metyl alkyls, alkoxides,
carboxylates, and halides were good initiators.^69 ) They
must either be soluble in chloral or be solubilized in
chloral with a complexing agent or diluent.
Coherent objects of polychloral of predetermined
shape have been made if initiation occurred above the
polymerization threshold temperature. A monomer casting
process was developed called cryotachensic polymerization
which consists of two separate and distinct steps. In
the first step the anionic initiator is added to monomer
that has been heated above the polymerization threshold
temperature. This temperature is 18°C for a 1 M solution
of chloral in methyl cyclohexane and is 58°C for pure
chloral.
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f^S CC13 CC13 CCI3
H H nCCl 3CHO i £
R = nucleophile
All of the anionic initiators were satisfactory for this
process of initiation. The initiator may add one monomer
unit but no propagation will occur. When the mixture is
cooled below the threshold temperature the heat is removed,
propagation occurs immediately. The polymerization pro-
ceeds as fast as the heat is removed. The polymerization
is self controlling: if the internal temperature of the
reacting mixture approaches the threshold temperature the
polymerization slows down. If the initiated monomer is
cooled under quiescent conditions, a self supporting gel
is formed which hardens as the polymerization proceeds. A
degree of polymerization of 600 to 1000 can be obtained
in this process.
^
70
^ The polymers obtained have a tensile
modulus of 4800 PSI. If chloral is initiated below the
threshold temperature, a homogeneous gel is not obtained
and polymers with poor mechanical strength are isolated. (70)
Lithium tertiary butoxide is a good initiator and reacts
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with one equivalent of chloral in a reversible equilibrium
that is much further to the right according to an analysis
by NMR.
CC1 3 H
(CH3 ) 3C-O
0
+ C=0-^T- (CH3 ) 3 -C-O-C-O0 Li®
H CCI3
One of the most effective initiators for cryotachensic
polymerization is triphenylphosphine . Actually this
phosphine is not the true initiator. It has been clearly
established that the initiation reaction proceeds in two
steps. Firstly, a nearly instantaneous reaction of
triphenylphosphine occurs with one mole of chloral to form
triphenyldichlorovinyloxphosphonium chloride, a phosphonium
salt.
H
O
I
CC1 3CH0 + Ph 3P »- Ph3P-0-C=CCl2
CIO
(the structure of this salt has been thoroughly character-
ized) The chloride ion from this salt then initiates the
polymerization
19
CC13 CC13
CI0 + C=0 "1 g- ci-C-O©
i I
Initiation is reversible and the equilibrium is to the
left. Cryotachensic polymerizations have been carried out
in nonprotic inert solvents or in bulk. When a solvent,
like methyl cyclohexane, was used highest conversions of
90% were obtained when the solvent concentration was about
(6 8 ~6 9 )10%- A1 l of these anionic polymerizations are sen-
sitive to water and higher conversions were obtained with
highly purified chloral when the polymerizations were con-
ducted in dry equipment and under dry nitrogen. Unless
moisture was excluded and unless initiation occurred above
the ceiling temperature, intractable powders, brittle
sheets, or small plugs of poor mechanical strength were
obtained.
It has been possible to prepare chloral polymers for
various measurements in the forms of films. The
polymer is insoluble in the monomer and in all solvents
investigated when prepared by the cryotachensic method.
The polymer must be cast directly from the monomer.
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(2) Polymerization of Chloral with Acids
Chloral has been shown to polymerize in the presence
of certain but not all acids/ 1 ' 83 "89) Protic acids such
as H2SO4 and CF3SO3H and Lewis acids such as AICI3 are
effective initiators. These polymerizations usually are
slower than the anionic polymerizations and the conversions
(84 95)are usually lower.
' Antimony pentahalides (SbCl5 ,
SbF5 ) and aluminum chloride are special initiators for the
polymerization of chloral. These two types of initiators
caused the polymerization of chloral with nearly the same
rate as in a typical anionic initiation .
(
8Z0 Cationic
initiators gave inhomogeneous polymers and a monomer cast-
ing technique is not operative.
(3) Polymerization of Chloral with Organometallic
Initiators
Chloral has been polymerized with various organometal-
lic initiators. The system 2 ,6-dimethoxyphenyllithium-
diethyl zinc, has been used to yield a polymer with a
degree of polymerization of 600.^^' Metal acetylace-
tonates and Et3Al also induce the polymer-feat ion of chloral.
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(4) Properties of Polychloral
Structure
Two types of chloral polymers were described in the
early literature. The para polymer which is the cyclic
trimer, and the meta polymers which are true linear poly-
mers were reported. There was evidence quite early in the
literature that the meta polymers were stereoregular sub-
stituted polyaceta Is
.
In 1959 a characterization study on
polychloral samples (initiated with pyridine
;
with H2S04) was
reported.
(
72 ) Infrared spectra revealed that metachloral
is a substituted polyoxymethylene structure. The polymer,
according to polarized infrared spectra, is not a planar
zig-zag like polyoxymethylene but rather a helix with 3 or
more repeat units per turn of the helix. Recent work^69 ^
has indicated that polychloral in all cases examined was
isotactic and helical with 4 monomer units per turn of the
helix.
Crystallinity.
A recent study^^ also indicated that polychloral
is semicrystalline by x-ray diffration. Natta proved that
crystalline polyaldehydes are stereoregular. The x-ray
22
diffration spectra vary slightly from one polychloral
sample to another. In some cases the diffration lines were
sharper for the polychloral samples prepared under anionic
conditions than for the samples prepared with H9 SO/.^
72
^
The precise reasons for the differences in the x-ray dif-
fraction spectra are not completely clear at this time. It
was suggested^72 ) that those samples having sharper x-ray
lines consisted of helices packed into larger regular
crystalline units. The infrared spectra of all samples
were identical however except in the C-H stretch region
near 2900 cm , where slight differences were observed.
The carbon-oxygen and carbon -chlorine absorptions were
identical which indicated "that the same helical chain was
obtained in all cases under cationic or anionic condi-
tions.(72 >
Stabilization and Degradation
Thermal degradation has been found to be an excellent
technique to characterize the chloral polymers with dif-
ferent end groups. The thermal degradation behavior of
the polymers differed considerably depending on the end
groups, the initiators used during polymerization, and the
purity of the reactants. Polymers prepared under anionic
conditions degraded quantitatively to monomer above 140°C
and no char remained/93 ^ The temperature of maxima rate
of degradation of extracted polymers according to TGA
analysis was higher for samples prepared with triphenyl
phosphine than for samples prepared with tertiary amines,
(93) (93\
or tetraalkylammonium chlorides. it i s believed
that the differences in thermal stability are due to dif-
ferences in end groups, molecular weights and
... (84, 93)
crystallmities
.
Polychloral prepared with initiation below the
threshold temperature has been reported as being capable
of stabilization by endcapping . (77) Polychloral was
stabilized under acid conditions by treatment with acid
chlorides or acid anhydrides. Evidence for endcapping was
provided by infrared analysis. Stabilized polychlorals
possessed good stability towards dimethyl formamide and
adequate stability to temperatures about 200°C ^76 ' 77 ^
Polychloral prepared with initiation above the
threshold temperature, in cryotachensic polymerizations,
could not be stabilized by treatment with acid chlorides
or acid anchydrides. (86 ) However a new method was devel-
oped to stabilize these polymers by introducing stable
acyl end groups by carrying out an anionic cryotachensic
polymerization in the presence of acid chlorides/ 95 ^ The
acid chlorides caused chain termination to occur to give
polychloral chains with ester end groups.
H R HO
C 0U + C=0 *--C O-C-R + }£>
CC13 CI CCI3 H
which could be identified in the infrared spectra. Analy-
sis by DTG was found to be an excellent technique for the
analysis of the extent of endcapping and the thermal
(93)
stability of the chloral polymers. J The DTG for the
decomposition of polychloral prepared in the presence of
acetyl chloride with triphenyl phosphine as initiator
showed two maxima which indicated that the polymer con-
tained two fractions. The more stable fraction which had
a maximum at 285°C contained ester end groups and repre-
sented 70 percent of the polymer. Phosphorous penta-
chloride in CCI4 was also used successfully to stabilize
chloral polymers. After a 4 hour treatment in .
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refluxing PC15 /CC14 solution chloral polymers were stable
and had a maximum in the DTG curve at 285°C.
The chain termination technique was also used to es-
timate the minimum molecular weight of polychloral . ' 93 )
The intensity of the ester carbonyl endgroup was compared
to the intensity in standards consisting of polychloral-
polymethylmethacrylate composites of known composition.
The member average molecular weights were approximately
30,000 or a Dpn of 200. The molecular weight was also
estimated by carrying out the anionic polymerization with
certain initiators which became permanently attached to
the polymer chains. The concentration of the end groups
was estimated by optical methods. One example is shown
below.
CO
II
0
H
I
C
CCl
0
H
I
1 / m
CCl
and in this case the Dp
n
reached 1,800 (70)
The thermal properties were characterized recently. (69)
Chloral polymers showed neither a Tg nor a Tm below the
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decomposition temperature according to analysis by DSC and
torsional braid measurements,
b. Polydichloroacetaldehyde
Dichloroacetaldehyde polymers were first discovered
in 1868 when it was observed that dichloroacetaldehyde was
polymerized upon standing or in the presence of HCl.^ 3 ^
This polymer was insoluble and amorphous.
The monomer in a more recent study was distilled from
H2S04, condensed as a pure hydrate, distilled a second time
from H2SO4 passing the distillate vapor through a calcium
chloride tube and this vapor was condensed to form a semi-
crystalline polymer.
^
75
^ Dichloroacetaldehyde was poly-
merized to a higher molecular weight polymer with hydoxyl
end groups with Lewis acid initiators. Anionic initiators
which readily polymerize chloral were not effective for
the polymerization of dichloroacetaldehyde . (78) ^e
initiator BF3Et 30 at 0°C produced a polydichloroacetalde-
hyde with a Dp
n
of more than 400. This polymer could be
stabilized by treatment with acetic anhydride to increase
its thermal stability. The thermal stability was inferior
to that of polychloral however. X-ray diffraction patterns
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indicated that this polymer was amorphous. The polymer
was soluble in tetrahydrofurar and methylethylketone
.
c. Polychloroacetaldehyde
Chloroacetaldehyde polymerized spontaneously or in
the presence of HC1 when the polymer was isolated for the
first time in 1882. (2) Chloroacetaldehyde also polymerized
after it was distilled from concentrated H2SO4 and was
allowed to stand in a glass vessel at room temperature
according to several reports. (6 °) The polymer obtained by
this method was characterized recently by infrared spec-
troscopy and x-ray analysis. This polymer was found to be
semi-crystalline. Chloroacetaldehyde has been polymerized
with Et 2Zn in a yield of 19% to a highly crystalline poly-
mer. (
10°) BF3Et 20 produced a nearly 100% amorphous poly-
mer in 38% yield. AlEtCl2 and AlEt2Cl yielded polymers
with about 50% crystallinity in 30% yield. It was also
found that BF3 initiated the polymerization of chloroace-
taldehyde at -10 to -50° C to an elastic amorphous thermo-
plastic. (101) The thermal stabilities of the polymers
obtained from chloroacetaldehyde and AlEt2Cl or AlEtCl2
were below the thermal stabilities of unstablized
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polychloral prepared from chloral and H
2S04 .
(102
^ A
sample of polydichloroacetaldehyde obtained by BF3Et 20
initiation was of intermediate thermal stability.
2. Fluoroacetaldehyde Polymers
A. Polyfluoral
Fluoral polymers were obtained first in 1950 without
added initiator. The product obtained in this spontaneous
polymerization was insoluble in common solvents.^ 102 ' 103 )
Fluoral polymerizes rapidly in the presence of anions
and Lewis bases at room temperature and lower temperatures.
Alkali metal cyanides and halides, alkali metal carboxy-
lates, sulfonium halides, quarternary ammonion halides,
triarylphosphines and trialkylphosphites were suitable
initiators .(^4, 111) Amorphous, soluble, elastomeric
presumably atactic polyfluoral has been prepared in non-
polar diluents in the presence of cesium fluoride at -78°C.
This polymer was distinguished by its solubility in
2,2-bis- (trifluoromethyl)-l,3 dioxolanes, and by x-ray
analysis. This polymer could be stabilized by treatment
with SF4. At 40°C however, fluoral polymerized in the
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presence of ceseum fluoride to give a white friable powder
which was insoluble and infusable. This polymer was
crystalline according to x-ray diffraction patterns
.
(104)
The polymer solubility was directly related to the
crystallinity.
(
104 )
Fluoral may also be polymerized in the presence of
certain acids. It was shown that anhydrous PF5 was a
particularly effective initiator and produced rubbery
amorphous polymers. This polymer had an inherent viscos-
ity of 0.82 in 1, 3-dioxolane and showed excellent thermal
stability. Protic acids such as H2S0^ and HC00H have been
used as fluoral initiators but were not as effective as
Lewis acids. The cationic initiators (C6H5)3 CC1, B£3,
SnCl4, SbCl5 , A1C13 /C0C1- CH3 , BF3 0(C2H5 )2 and CyHySbClg
were also effective. The nature of the polymeric product
was a function of the reaction conditions; either a
crystalline solid or a soluble elastomer was obtained. ^^4)
It has also been reported that HCF2SO3H and HF are not good
(104)initia tors
.
A radical polymerization of fluoral with peroxides
was claimed in 1954. Further evidence for a radical
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polymerization was reported when it was found that AIBN in
the presence of ultraviolet radiation polymerized
fluoral.
(
105 - 10 7) This polymerization ceased with the
removal of the radiation source and benzoquinone or
diphenylpicrychydrazil were effective inhibitors. As
further evidence of a radical mechanism C14 labelled AIBN
was used and polymer endgroups contained initiator frag-
fc (105-110)ments.
B. Polychlorodifluoroacetaldehyde
Chlorodifluoroacetaldehyde was reported to polymer-
ize spontaneously on standing . (^3) A more complete in-
vestigation of the polymerization of this monomer was
reported recently .
C
11^) The compounds Ph^P, Al (C2H5) 3
,
Li^cf^—C(CH3)3, SbCl5 and H2SO4 were effective initiators.
The solubility properties of these polymers depended on
the reaction conditions. In some cases acetone soluble
fractions were isolated.
C. Polydichlorofluoroacetaldehyde
The previously unknown dichlorofluoroacetaldehyde was
synthesized and polymerized recently.
^
115
^ The compounds
Ph3 P, H2S04 , TiCl4 , A1(C2H5 )3, SbCl5 , and LiOC(CH 3 ) 3 were
effective initiators. The thermal degradation behavior
depended on the initiator and reaction conditions for
these polymers. The polymers could be stabilized by
treatment with acetic anhydride.
D. Polydifluoroacetaldehyde
Difluoroacetaldehyde has been reported to polymerize
at
-80°C in the presence of triethylphosphite .
C
111 ) The
polymer could be stabilized by the treatment with PCI5 in
CCI4.
3. Other Fully Halogenated Acetaldehydes
One old report exists of a 'polymer' obtained from
dichlorobromoacetaldehyde and H2S04.^65 ) The structure
of this product was not characterized and its existence
has never been confirmed. Chlorodibromoacetaldehyde,
bromal, difluorobromoacetaldehyde, dibromofluoroacetal-
dehyde, and bromochlorofluoroacetaldehyde polymers have
never been reported.
4. Other Partially Halogenated Acetaldehydes
Dibromoacetaldehyde has been reported to polymerize
32
to give an amorphous solid.
D. Haloacetaldehyde Copolymers
1. Chloral Copolymers
A. Aldehyde Copolymers
Chloral has been shown to copolymerize with dichloro-
acetaldehyde with zinc alkyl initiators and diethylcadmium
at temperatures below
-40°C in toluene to high molecular
weight copolymers. Copolymers with substantial amounts of
dichloroacetaldehyde were insoluble and infusible. These
copolymers were prepared by a monomer casting technique
as films and sheets. The initiator was added below the
ceiling temperature and coherent sheets could be obtained
only for the chloroalkichloroacetaldehyde copolymers and
not for chloral homopolymers in this study/80, 97 ^
Chloral has also been copolymerized under anionic
conditions with fluoral.^ 8 ) Chloral was shown to copoly-
merize with formaldehyde at low temperatures. Triphenyl-
phosphine, trialkylamines and triethylaluminum yields
copolymers with a wide range of compositions and many
fractions. Recently a polymer of propionaldehyde
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and chloral has been claimed but this has not been veri-
fied yet.
B. Isocyanate Copolymers
Copolymerization of chloral with isocyanates particu-
larly phenylisocyanate and p-chlorophenyl- isocyanate was
described in 1965 /97 9 116 ^ Since that time many patents
have appeared which claim chloral isocyanate copolymers
with improved thermal stabilities/116 " 124 ) Chloral and
aryl or alkyl isocyanates were shown to copolymerize under
anionic conditions to yield soluble and fusible products
of insoluble and in fusable products depending on the
specific isocyanate and its proportion in the feed.
ecu
I
C=0 + RNCO
H
CC1 3
{r°W c-r)
H
I
R
m
Initiators suitable for anionic chloral homopolymerizations
were also suitable for the chloral isocyanate copolymeri-
zations. The cryotachensic technique was used to give
tough copolymers of a predetermined shape with excellent
thermal stabilities. Copolymers made by this method
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containing from about 80 to 90 mol. percent chloral and 20
to 10 mol percent isocyanate were insoluble in common or-
ganic solvents. (115-119) ^ were also infusdble at
temperatures up to their decomposition point. Copolymer
films showed greater clarity than the homopolychloral films
and this increase in clarity was attributed to decreased
crystallinity in the copolymer. These copolymerizations
were nearly bulk polymerization with a low concentration of
a diluent like toluene or methyl cyclohexane present or
were true bulk copolymerizations.
The copolymerization of chloral with phenyl isocyanate
and with n-butyl isocyanate in solution was reported in
1971. Chloral was copolymerized in several solvents with
phenyl isocyanate and several initiators were used.^"^
The solubility of the copolymers in CHCI3 was determined
by both the initiator and the solvent. If phenyl isocya-
nate was copolymerized with KCN in DMF at -78°C a copoly-
mer was formed in CHCI3 and having a Tm of 230°C. This
copolymer contajned 60% chloral according to analysis for
Another copolymer of chloral and phenyl isocyanate of
the same composition was prepared by n-butyl lithium in
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ether but this copolymer was insoluble in CHCI3. A third
copolymer with this composition was prepared in benzene
with triethyl amine. (125, 126) It wag concluded that ^
insoluble copolymer was more crystalline and that this
crystallinity was due to the proximity of the Li®
counterion to the propagating center. This proximity
caused an orientation effect on the entering monomers
resulting in a more crystalline polymer .
^
126
^ The rela-
tive reactivities of chloral and phenyl isocyanate in
hexane and in ether with butyl lithium initiations were
determined. The reactivity ratios at low conversion were
reported to be r-
L
(chloral) = 1.2, r2 (phenylisocyanate)=
0 in hexane and r^ = 0.5, = 0 in ether at
-78°C. The
authors concluded that the reactivity of chloral increased
as the tightness of the ion pair. They also showed that
phenyl isocyanate was more reactive than butyl isocyanate
in chloral copolymerizations
.
Ketene and Isothiocyanate Copolymers
Chloral was shown to copolymerize to greater than 80%
(127-133}
conversion with isothiocyanates . ' The cryotachensic
polymerization technique was employed to produce coherent
shape objects composed of chloral ketene copolymers or
chloral isothiocyanate copolymers.
CCl
C
I
H
= 0 +
R,
C = C = 0
H
I
o
li
I
_CCL3 R2
CC1-,
I
3
C = 0 +
I
H
RNCS
R X
The initiators used for anionic homopolymerizations
of chloral or for chloral isocyanate copolymerizations
were effective for the chloral ketene and chloral isothio-
cyanate copolymerizations.
Several other copolymers of chloral have been claimed
but not veri£i ed. A number of patents have claimed co-
polymers of chloral and formaldehyde^ 13^ 136 ^ ethylene
oxide/137 ) trioxane< 138 > 139 > 140 > propionaldehyde^ 145 )
vinyl acetate/ 138 ' 139 ) 3 3' dichloromethyl oxetane (138 >
(139) . . (145) J , . , (138, 139)
'acetaldehyde J and 1.3 dioxolane. ' J
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2. Fluoral Copolymers
A copolymer of fluoral and formaldehyde has been
i • a (142)claimed. Polymerizations were carried out in toluene
or cyclohexane and were initiated by quaternary ammonium
acetates. The polymers could be stabilized by treatment
with acetic anhydride. A copolymer of fluoral with ethyl-
ene in a radical polymerization has been claimed.
(
14 3)
This copolymer had an inherent viscosity of 0.57. It has
also been shown that fluoral will copolymerize with
acrylonitrile. (144 ) In addition a fluoral-thiofluoral
copolymer has been reported/145 ) A perfluorinated
olthiol was pyrolyzed over glass at 600°C and the products
copolymerized in a cold trap to a 82/18 trifluorothioalde-
hyde/fluoral copolymer.^ 146 )
CF
»M-r
CF3
k X
C. Bromal Copolymers
Two recent patents claimed that bromal could be co
polymerized with acetaldehyde and with isobutyraldehyde
16) Nq homQpQiyrog^-s 0 f bromal were reported.
EXPERIMENTAL PART
II. EXPERIMENTAL PART
A
. CHEMICALS
Chemicals amd reagents were obtained from the follow-
sources
:
Reagents
Acetic anhydride E
Acetyl chloride E
Acrylonitrile A
Aluminum Tribromide F
Aluminum Trichloride F
Antimony Pentachloride F
Antimony Trifluoride Allied
Azobisisobutyronitrile E
Boron trifluoride MT
Broma 1 A
Bromine F
N-Bromosccininide ' E
M-butylisocyanate A
Cesium bromide Al
Cesium chloride Al
Cesium fluoride Al
Cesium Iodide
^1
Calcium Carbonate Mall
v/Chloroacetaldehydediethylacetal A
Chloral Ds
Collidine A
1, 2-Dibromoethane E
Dichloroacetaldehydediethylacetal A
Dichloroacetylchloride E
Dimethyl Sulfoxide A
Dioxolane
Epichlorohydrin E
Hexamethylphosphoramide E
Lithium Bromide F
Lithium Chloride F
Lithium tertiary butoxide V
p-Methylphenylisocyanate A
Molecular Sieves MCB
Phenylacetaldehyde A
Phenylisocyanate A
Pivalo lactone E
Poly (oxyethylene) (4000) U C
Potassium Fluoride
Pyridine
Quinoline
Sebaryl chloride
Sodium tetraphenylborate
p
-Cl-styrene
Sulfuric acid
Tetrahydrofuran
Titanium Tetrachloride
Toluene
Tri-n-butylamine
Tri-n-butylphosphine
Trichloroacetyl chloride
Triethyl aluminum
Triethylamine
Triethylphosphite
Trifluoromethane sulfonic acid
Triphenylamine
Triphenylphosphine
p-xylene
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MCB
E
E
A
B
A
F
M
Al
M
E
A
E
V
E
A
A
E
A
F
Solvents
Acetone „F
Benzene „F
Chloroform p
o-Dichlorobenzine A
Diethyleneglycoldimethylether A
Dioxane (spectral
^CB
Ether p
Hexane p
Methyline chloride p
Nitrobenzene E
Nitromethane E
Sources
A = Aldrich Chemical Company
Al = Alfa Inorganics
Allied = Allied Chemical Company
B = J. T. Baker
DS = Diamond Shamrock Corporation
Eastman Kodak
F = Fischer Scientific Co.
GE = General Electric
p =
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M = Mallinckrodt Chemical Co.
MCB = Matheson, Coleman & Bell
MT = Mathison Gas Products
Polysciences
, Inc.
DC = Union Carbide Corporation
V = Ventron Inorganics
B. Purification of Solvents and Reagents.
All of the distillations, except for the distillation
of chloral were done in a distillation apparatus equipped
with a 30 cm. Vigreaux column. Distillations which were
carried out under reduced pressure were done with magnetic
stirring and a Claisen head. In some cases shredded
isotactic polypropylene was used to prevent bumping. The
pressure was stabilized with a manostat.
Chloral (obtained from the Diamond Shamrock Company)
was allowed to reflux over powdered phosphorous pentoxide
(for 1 liter of chloral about 50 gms . of phosphorous
pentoxide) for 24 hours in a dry nitrogen atmosphere
.
Chloral was then transferred into a carefully dried dis-
tillation apparatus which consisted of a 100 cm. long
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tetrachloride (136.4°C/760 mm) were distilled through a 30
cm. Vigreaux column under dry helium. A shorter column
was not satisfactory.
Acrylonitrile was purified by passing it through a
column of silica gel under a slight nitrogen pressure and
was used immediately.
Aluminum tribromide and aluminum trichloride were
used from freshly opened bottles and were handled in a
nitrogen filled dry box.
Azobisisobutyronitrile was recrystallized three times
from dry methanol and dried at 0.1 mm for 16 hours at 25°C.
N-bromosuccinimide was recrystallized from water
(50 g. in 500 ml.), filtered, washed with water, air dried
on the filter, and then dried at 60°C in a vacuum over
(1 ra.m.) for 16 hours. The white plates were ground into
a very fine powder with a mortar and pestle.
Cesium bromide, cesium chloride, cesium bromide, and
cesium iodide were used from freshly opened bottles
(packaged under argon). Solutions of these salts were
prepared in a glove bag filled with dry nitrogen.
Chloroacetaldehydediethylacetal, di chloroacetalde-
hydediethylacetal, and epichlorohydrin were stored over
molecular sieves (3A) for 1 week prior to use.
Dimethyl sulfoxide was distilled from calcium
hydride at reduced pressure (60°C/8 mm) and stored over
molecular sieves (3A)
.
Lithium bromide, lithium chloride, and potassium
fluoride, were dried at 180°C at 0.1 mm. for 16 hours in
the presence of phosphorous pentoxide, in a drying pistol.
Styrene (40°C/15 mm) and p-chlorostyrene (66°C/10 mm)
were distilled from calcium hydride under nitrogen at
reduced pressure and were used immediately.
Tetrahydrofuran was distilled (78°C/760 mm) from
lithium aluminum hydride under dry nitrogen just prior to
use.
Triphenyl amine was recrystallized from spectral
grade methanol (15 g in 125 ml.) collected on a filter,
washed with cold benzene, and dried in a stream of dry
nitrogen.
Benezene, cyclohexane, n-hexane, methyl cyclohexane,
toluene and xylene were distilled from calcium hydride
under nitrogen in a distillation head at a reflux ratio of
20 to 1. Dichloromethane and chloroform were distilled
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from powdered phosphorous pentoxide (20 g/2 liters) and
were stored in a column filled with molecular sieves (3A)
.
Nitrobenzene was steam distilled after the addition of
dilute sulphuric acid. The distillate was separated, dried
over calcium chloride, and distilled under nitrogen (90°C/
20 mm)
.
O-dichlorobenzene was dried over calcium chloride
and distilled under nitrogen (90°C/ 20 mm).
Solvents and reagents sensitive to water or oxygen
were stored under nitrogen in specially prepared tubes.
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C. MEASUREMENTS
Infrared spectra was obtained on a Perkin Elmer 727
Infrared Spectrometer (5000-600 do.-l) at a "normal" scan
rate or on a Beckman Infrared Spectrometer (4000-250 cm" 1 )
at a slow scan rate. The potassium bromide and thallous
bromide used for the preparation of the pellets were dried
at 180°C at a pressure of 1 mm. of Hg in a drying pistol
over phosphorous pentoxide. The polystyrene band at 1601
cm" was used as the standard and was recorded on each
spectrum.
Nuclear magnetic resonance spectras (PMR) were ob-
tained on a Hitachi-Perkin Elmer R-24 Spectrometer or on a
90 MHzPerkin Elmer R-24 Spectrometer with TMS or chloroform
as the internal standard. C 13 NMR spectra were obtained on
a Brucker 90 M H£ Spectrometer.
DSC measurements were made under nitrogen on a Perkin
Elmer DSC - IB, with a UUl Temperature Program Control. The
scan rate was 20°C/minute. The instrument was calibrated
against benzoic acid (m.p. 122°C) and salicyclic acid
(m.p. 159°C). For low temperature scans the instrument was
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calibrated against cyclohexane (m.p. 5°C) and nitrotoluene
(m.p. 52°C).
TGA data were obtained on a Perkin Elmer TGA-1 Thermo-
balance under nitrogen at a heating rate of 20°C/minute.
The heating rate was regulated by a Perkin Elmer UUl Temper-
ature Program Control.
Gas chromatograms of the monomers were obtained on a
Varian Associates Model 920 gas chromatograph on a 2 meter
column packed with 35% Diisodecyl Phthalate or Chromosorb
W/ or on a 1 meter Poropak Q column.
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D. BROMODICHLOROACETALDEHHDE SYNTHESIS AND
POLYMERIZATION
!• Synthesis of Bromodichloroacetaldehyde from Chloral
To a dried 3 neck 1000 ml. flask was added triphenyl
phosphine (90.0 g, 0.67 mole) in dry dichloromethane (200 ml)
from a dropping funnel under a nitrogen blanket. The flask
was cooled at 0°C in an ice bath for 10 minutes. Freshly
distilled chloral (33 ml, 0.33 mole) in dichloromethane
a
(50 ml) was added to the funnel with a dry syringe. The
solution was stirred at a rapid rate without any splashing
and the chloral solution was added dropwise over a 30
minute period and clear solution was stirred for an addi-
tional 30 minutes. Bromine (10 ml, 0.33 mole) in dich-
loromethane (25 ml) was added dropwise at a rate that
allowed the red color to vanish. Addition was complete
after 5 hours and during the addition of the last 3 ml of
bromine solution the solution remained light orange. The
solution was stirred under the nitrogen blanket for 2
additional hours and the flask was then set up for a dis-
tillation. The flask was equipped with a condenser, a
thermometer, a still head and a nitrogen inlet tube to
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remove dichloromethane using an oil bath at 50°C while pass
ing a slow nitrogen stream through the nitrogen inlet tube
into the receiver.
The 3 neck flask was then equipped again with an
addition funnel, a reflux condenser and a nitrogen inlet
tube. Dioxane was added (75 ml) and the phosphonium salt
was broken up by stirring. Water (6.5 ml) in dioxane (75
ml) was added dropwise over a one hour period at 25°C under
the blanket of nitrogen. The partially hydrolyzed salt was
allowed to stand in the wet dioxane for 2 hours and then
the mixture was stirred and heated at 80°C for one hour
while a slow nitrogen stream was passed over the surface
to allow the HBr and HC1 to escape through the condenser.
The flask was allowed to cool at 25°C and then it was
equipped with an adapter connected to a condenser and with
2 stoppers in the other 2 necks; a receiving flask was
attached to the condenser with a vacuum adapter and was
cooled in a dry ice isopropyl alcohol bath. The 3-neck
flask was heated with an oil bath and the volatile contents
in the flask were distilled at 15 mm pressure. The solu-
tion was stirred rapidly but without splashing and the oil
bath was gradually heated from 25°C to 70°C. Dioxane,
aldehyde, and aldehyde hydrate were collected. The stir-
ring was maintained as long as possible so that the residue
did not trap the aldehyde.
The distillate was transferred to a 500 ml 3-neck
flask which was equipped with a reflux condenser, a nitro-
gen inlet tube, and a stopper. The flask was purged with
nitrogen and the mixture was brought to reflux with an oil
bath for 10 minutes while a slow stream of nitrogen was
passed over the surface. The flask was allowed to cool to
room temperature and powdered phosphorous pentoxide (10.0
g) was added. It was then connected to a distillation head
and the reflux condenser was removed. The dioxane -aldehyde
mixture was heated with an oil bath to 120°C and distilled
into a 2- neck flask with a serum cap which was cooled in
a dry ice-isopropyl alcohol bath under a blanket of nitro-
gen. The distillation removed most of the dioxane at 120°C
and very little of the aldehyde (b.p. 127°C) distilled.
The distillate composition was monitored by gas chroma-
tography during the distillation (Diisodecyl phthalate 36%
on chromosorb W) . The distillation was continued until
aldehyde appeared in the distillate. The receiver flask
was now replaced and the liquid remaining in the 3-neck
flask was distilled at 200 mm pressure at 120°C. The I
aldehyde and dioxane mixture collected was stored in a
sealed flask overnight in the dark.
A gas chromatogram of this fraction was taken to de-
termine the percent dioxane in the sample. The fraction
was then transferred to a 100 ml round bottom flask equipped
with a capillary nitrogen inlet and a 19/32 standard taper
joint. The flask was then attached to a laboratory size
spinning band column, flask and column were purged with
nitrogen and the flask was heated with an oil bath to 120°C
with spinning. Dioxane distilled first, the receiver was
replaced and the distillation was continued at 100 mm
pressure and 110°C until 24 ml had been collected. This
second fraction was transferred to a dry 100 ml round bot-
tom flask containing 3.0 g of powdered P205> it was purged
with dry nitrogen and connected to a Vigreaux distillation
column. The apparatus was wrapped with aluminum foil to
protect the aldehyde from light during distillation. The
flask was heated with an oil bath to 140°C and the
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distillation was carried out at 760 mm pressure. The first
6 ml of the distillate was red and was collected. The
receiving flask was replaced and 18 ml was collected as a
middle cut.
Bromodichloroacetaldehyde (18 ml, 60% yield) was
obtained as a colorless liquid with an irritating odor.
The infrared spectrum (neat) showed absorptions at 1754
cm"
1 (s) (C-0 stretching, 3508 cm" 1 (overtone of stretching,
2855 cm" 1 (m) (C-H stretch, aldehyde), 1357 cm" 1 (s) (C-H
bend), 1022 cm" 1 (s) , 983 cm" 1 (s) (C-C stretch), 840 cm" 1
(vs) (C-Cl stretch) and 682 cm" 1 (vs) (C-Br stretch). The
PMR spectrum showed a singlet at$= 8.9 (TMS) . This alde-
hyde had a boiling point of 127-218°C at 760 mm, and a
density of 1.90 at 25°C. Anal. Calcd. for C^HBrCl^O: G,
12.52%, H, 0.53%; CI, 36.96%; Br, 41.65%. Found: C, 12.24%;
H, 0.66%; CI, 36.72%; Br, 41.34%.
In a second experiment bromodichloroacetaldehyde was
obtained in 46% yield. If the hydrolysis of the phos-
phonium salt was done in dichloromethane instead of dioxane
the hydrolysis was not complete and very little aldehyde
was isolated. If ether was used as the solvent in the
hydrolysis step the workup afterward was difficult because
the triphenylphosphine oxide oxide formed a gum and the
aldehyde could not be distilled out efficiently. if the
bromine was added too rapidly a side reaction took place
and little aldehyde was isolated after hydrolysis. The
apparatus, the dichloromethane and triphenylphosphine had
to be very dry for the first step, the reaction of tri-
phenylphosphine with chloral, to be successful. If any
moisture was present a gum formed and the experiment had
to be started again. In several experiments dry ether was
used as the solvent for the chloral-triphenylphosphine
reaction. A 5% quantity if insoluble white gum formed
during addition of the chloral in this solvent.
The use of dichloromethane in the solvent for the
chloral/Ph3 P reaction obviated this problem and the salt
in this solvent was less susceptible to attack by
adventitious water.
2
-
Preparation of Bromodichloroacetaldehyde from
Dichloroacetaldehyde diethyl acetal
A 500 ml 3-neck round bottom flask was equipped with a
pressure equalizing addition funnel, a nitrogen inlet tube,
56
liquid was poured into a separatory funnel containing cold
concentrated sulphuric acid (200 ml). The separatory
funnel was shaken for one minute and this allowed to stand
at room temperature for 30 minutes. Two layers separated
after a few minutes, the bottom layer (aldehyde) was col-
lected in a 250 ml Erlenmeyer flask containing calcium
carbonate (10 g)
.
A dried 100 ml round bottom flask was purged with dry
nitrogen, powdered phosphorous pentoxide (5.0 g) was added
and the aldehyde was filtered from the calcium carbonate
through a fritted funnel under nitrogen pressure into the
flask. A dried distillation head was placed on the 100 ml
flask in place of the funnel. The apparatus was lowered
into an oil bath and the liquid was then distilled at 127°C
at 760 mm. 5 ml of aldehyde were collected, the receiving
flasks changed, and the next 30 ml were collected. The
distillation was repeated, from phosphorous pentoxide (3.0
g). The first 2-3 ml were red and were discarded. The
next 28 ml of colorless liquid were collected. Bromodich-
loroacetaldehyde was obtained (27 ml, 50.1 g, 28% overall
yield) as a colorless liquid with an irritating odor.
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The infrared spectrum was superimposed on the spectrum
for bromodichloroacetaldehyde obtained from chloral and
triphenylphosphine
.
3
*
Attempted Preparation of Bromodichloroacetaldehyde
from Dichloroacetylchloride Bromine and Red
Phosphorous
.
"
~
A dried 250 ml neck round bottom flask was dried for
72 hours at 120°C, and fitted with a nitrogen inlet tube.
The flask was purged with dry nitrogen and was equipped
with a reflux condenser and a stirring bar. Dichloroacetyl
chloride (74 g, 0.5 mole) and red phosphorous (1.0 g, 0.032
mole) were placed in the flask and was inserted into an
oil bath at a temperature of 105°C. Bromine (30 ml, 0.5
mole) was added dropwise from the addition funnel while
the solution was stirred. The temperature in the bath was
then raised to 110° and a very gentle reflux of the dich-
loroacetyl chloride was maintained. The red color was not
discharged and no hydrogen bromide was evolved. The bromine
was added over a 6 hour period to the solution under the
nitrogen blanket. At the end of this time the solution was
very dark red. The flask was heated at a gentle reflux for
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9 more hours and then was allowed to cool to room tempera-
ture. A gas chromatogram of the flask contents (Poropak Q,
90°) contained only one major peak corresponding to the
starting material dichloroacetyl chloride.
4
-
Attempted Synthesis of Bromodichloroacetaldehvde
from Chloral and Lithium Bromide
.
A dried 3 neck 250 ml round bottom flask was equipped
with a nitrogen inlet tube, a reflux condenser and a ground
glass stopper. The flask was allowed to cool to room
temperature and the stopper was removed. Chloral (50 ml,
0.5 mole) and anhydrous lithium bromide (43.4 g, 0.5 mole)
a 1-1/2" stirring bar were placed in the flask. The mix-
ture was heated with stirring at reflux for 12 hours. The
flask was allowed to cool and a gas chromatogram of the
product was taken (Poropak Q) . The chromatogram indicated
the presence of almost pure chloral. During the reaction
almost none of the lithium bromide went into solution.
5
.
Attempted Preparation of Methylbromodichloroacetate
from Methyldichloroacetate , Bromine and Benzoyl
Peroxide .
A dried 3 neck 250 ml round bottom flask was equipped
with a nitrogen inlet tube, a water-cooled reflux condens-
er, and a ground glass stopper. The flask was allowed to
cool to room temperature and the stopper was removed.
Methyl dichloroacetate (75 ml), bromine (25 ml), benzoyl
peroxide (2.0 g) and a 3/4" stirring bar were placed in the
flask. The mixture was brought to reflux with an oil bath
for 12 hours under the nitrogen blanket and then was
allowed to cool to room temperature. A PMR spectrum of
the flask contents was identical to the PMR spectrum (3 to
1 ratio) of methyldichloroacetate
.
6
-
Attempted Preparation of Methyl Bromodichloroacetate
from Methyldichloroacetate, Bromine and Potassium
Persulfate
.
—
A dried 3 neck 250 ml round bottom flask was equipped
with a nitrogen inlet tube, a water-cooled reflux condenser,
and a ground glass stopper. Methyldichloroacetate (75 ml),
bromine (25 ml), potassium persulfate (3.0 g) and a 3/4"
stirring bar were placed in the flask and the mixture
brought to a reflux with an oil bath for 12 hours, and then
was allowed to cool to room temperature. A PMR spectrum of
the flask contents was identical to the PMR spectrum of the
methyldichloroacetate
.
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7
*
Attempted Preparation o f Methvl Brnmodichloroacetatefrom Methvldichloroacetate and N-bromosnccinimide
.
A dried 3 neck 500 ml round bottom flask was equipped
with a nitrogen inlet tube, a reflux condenser, and a
ground glass stopper. Methyl dichloroacetate (143 g, 1
mole) and N-bromosuccinimide (78 g, 0.5 mole) were placed
in the flask and the mixture was heated at reflux for 12
hours under the nitrogen blanket and then allowed to cool
to room temperature. The mixture was filtered through a
600 ml (10-15 u) fritted funnel; solid material was col-
lected on the filter. The filtrate was then placed in a
clean 500 ml round bottom flask and was distilled at 50°C
at 10 mm pressure. A small quantity of solid material
remained in the distilling flask. A PMR spectrum of the
distillate was identical to the PMR spectrum of the start-
ing material, methyl Dichloroacetate (128 g, 90%).
8
. 2,4-Dinitrophenylhydrazone of Bromodichloroacetal-
dehyde .
To a 50 ml Erlenmeyer Flask were placed 2,4-dinitro-
phenylhydrazine (1.0 g), dry dimethyl formamide (5.0 ml),
concentrated ^SO^O.l ml) and bromodichloroacetaldehyde
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(0.25 ml, 2.5 mole). The flask was stoppered, the solution
was shaken thoroughly and was allowed to stand at 0°C for
20 minutes. The color of the solution changed to a darker
red after 2 minutes. Methanol was then added dropwise and
the flask was agitated after each addition until a cloudi-
ness appeared and then the flask was stoppered and allowed
to stand at 0°C for one hour. An orange solid precipitated
and was collected.
Methanol (10 ml) was added to the filtrate and the
flask was stoppered and kept at 0°C for 2 hours. A light
yellow-orange precipitated which was collected by filtra-
tion washed with cold methanol, and dried. The 2,4-
dinitrophenylhydrazone of bromodichloroacetaldehyde was
obtained as a light orange crystalline solid (m.p. 150°C)
.
An infrared specimen showed absorptions at: 3295 cm"*
(m), 3070 cm-1 (w) , 3000 cm-1 (vs), 1600 cm-1 (vs) , 1580
cm
-1 (vs), 1493 cm" 1 (s), 1412 cm" 1 (m) , 1320 cm" 1 (vs),
1305 cm" 1 (vs), 1277 cm' 1 (vs), 1250 cm" 1 (m) , 1216 cm" 1
(m)\ 1123-1106 cm" 1 (w) , 1089 cm' 1 (s), 1055 cm" 1 (m) , 918
cm" 1 (m), 838 cm-1 (m) , 820 cm' 1 (w) , 759 cm" 1 (w) , 740 cm" 1
(m) , 723 cm" 1 (m) . Anal, calcd. for Cgi^O^C^Br : N,
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14.79%; H, 1.71%, C, 25.90%. Found: N, 14.91%, H, 1.40;
C, 25.62.
9
* Polymerization of Bromodichloroadetal dPhvH P with
H2SO4 . " ~ 1 1
A 12 in long (10 mm I.D.) pyrex tube was prepared as
described in Experiment #9. Freshly distilled bromodich-
loroacetaldehyde (4.0 ml, 40 mole) was added with a dry
syringe (12" needle). Concentrated (98%) sulphuric acid
(0.05 ml, 0.4 mole, 1 mol %) was added with a 50 ul syringe.
The tube was inserted in a liquid nitrogen bath, sealed at
0.1 mm pressure, and then transferred to a refrigerator
maintained at
-10°C. The tube was shaken thoroughly and
was then left undisturbed for 7 days at
-10°C. During the
first 6 hours little change was observed but after 24 hours
a considerable quantity of white material appeared as a
precipitate nearly filling the total volume of the liquid
and at the end of one week a solid porcellan product was
obtained.
The tube was warmed to room temperature and was then
cut into sections about 1 inch long with a glass file. The
friable polymer was removed and then soaked in ethanol (30
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ml) and acetone (20 ml) for 24 hours in a glass stoppered
Erlenmeyer flask. The insoluble product was collected on
a medium (10-15 u) fritted funnel and the filtrate was
saved and set aside. The product was soaked in aceton (20
ml) for 48 hours at 25oC
,
and filtered again and dried in a
stream of nitrogen for 30 minutes. The filtrate was com-
bined with the previous filtrate. The polymer was then
dried in the presence of P205 in an Abderhalden apparatus
at 0.1 mm pressure for 16 hours to remove the solvent.
Polydichlorobromoacetaldehyde (1.19 g, 31% yield) was
obtained as a white powder. The infrared spectrum (KBr)
showed absorptions at 3200-3400 cm"
1
(b, vw) (0-H stretch);
2944 cm" 1 (C-H stretch); 1370 cm" 1 (w) ; 1350 cm' 1 (m)
,
1311 cm" 1 (C-H frend); 1109 cm" 1 (vs), 1068 cm" 1 (vs), 1052
cm"
1 (vs), 949 cm" 1 (vs) (C-0 stretches); 810 cm" 1 (C-C
stretch); 789 cm" 1 (s) , 753 cm" 1 (s) (C-Cl stretches); 664
cm"
1
(s) (C-Br stretch), 557 cm" 1 (m) . Anal. Calcd. for
C2HBrCl20; C, 12.52; H, 0.53; Br. 41.65; CI, 36.96. Found:
C, 12.90; H, 0.69; Br, 41.34; CI, 36.72.
The combined filtrates from procedure 1 were evapor-
ated to half volume in a stream of nitrogen and then poured
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into n-hexane (50 ml). A white precipitate separated out
and was collected on a medium (10-15 u) fritted funnel.
The product was dried on the funnel in a stream of nitrogen
and then dried in a desiccator for 16 hours at 15 mm pres-
sure. The acetone soluble polybromodichloroacetaldehyde
was obtained (0.213 g, 5.6%) as a light buff powder. The
infrared spectrum (KBr) showed absorptions at 3200-3550
cm" 1 (b, m) (OH stretch); 2944 cm' 1 (m) (C-H stretch);
1370 cm" 1 (w); 1350 cm" 1 (m) ; 1311 cm-1 (s) (C-H bend);
1109 cm" 1 (vs), 1068 cm" 1 (vs), 1952 cm" 1 (vs), 949 cm" 1
(vs) (C-0 stretch); 810 cm-1 (s) (C-C stretch); 789 cm-1
(s); 753 cm-1 (s) (C-Cl stretch); 664 cm" 1 (s) (C-Br
stretch); 557 cm" 1 (m) . Anal: Calcd. for C2HBrCl20: C,
12.52%; H, 0.53%; Br, 41.65%; CI, 36.96%. Found: C, 12.24%;
H, 0.66%; Br, 41.27%; CI, 36.69%.
10 . Polymerization of Bromodichloroacetaldehyde with
Sb CI5 .
A 12 inch long (12 mm I.D.) pyrex tube was sealed on
one end. The tube was washed with 1 N. HC1, rinsed 4 times
with distilled water, necked down about 3 inches from the
top and dried for 2 more hours at 120°C.
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The hot tube was removed from the oven and clamped in
a vertical position. A syringe needle (#15, 12 M long)
connected to a source of dry nitrogen was inserted to the
bottom of the tube. The tube while being purged with dry
nitrogen was heated with an air gun for 5 minutes and then
the tube was allowed to cool to room temperature. The
syringe needle was drawn halfway up the tube and freshly
distilled bromodichloroacetaldehyde (4.0 ml, 40 mole) was
added with a dry syringe (12" needle). Care was taken to
prevent the aldehyde from contaminating the necked down
area of the tube. Antimony pentachloride (0.4 ml of a 1
molar solution in dichloromethane
, 0.4 mmole, 1 mole per-
cent) was added with a dry syringe as a layer on top of the
aldehyde in order to minimize mixing. The syringe needle
connected to the nitrogen was withdrawn and the tube was
closed off with a short length of butyl rubber tubing and a
pinch clamp. The tube was inserted in a liquid nitrogen
bath, sealed at 15 mm pressure, removed from the cooling
bath inserted into a -52° methyl methacrylate dry ice slush
bath and left there for five minutes to allow the tempera-
ture in the tube to reach -52°. The tube was then shaken
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and replaced in the -52° bath for 10 minutes. The tube was
removed and placed in the refrigerator at
-10°C for 1 week
to complete the polymerization.
The polymerization tube was opened and cut into 6 sec-
tions along the length of the polymer plug. The hard
porcelain
-like polymer was removed from each section with
a spatula and placed in an Erlenmeyer flask (125 ml) in
acetone (50 ml). The solid was soaked in acetone for 30
minutes at room temperature. The acetone was heated to
boiling and the hot slurry was shaken and then filtered
through a M (10-15 u) fritted funnel. The white solid col-
lected was transferred to a 125 ml Erlenmeyer flask con-
taining dichloromethane (30 ml). The filtrate was cooled
to room temperature and poured into petroleum ether (30 ml)
and the mixture was allowed to stand for 5 minutes.
The acetone insoluble fraction in dichloromethane was
collected on a M fritted funnel and was dried in a nitrogen
stream. The polymer was then extracted in a stoppered 125
ml Erlenmeyer flask in dichloromethane (45 ml) for 24 hours,
The solid was collected on a M fritted funnel, dried in a
nitrogen stream, and then kept overnight in a vacuum
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desiccator at 15 mm pressure. Polydichlorobromoacetalde-
hyde was obtained as white granules (1.38 g, 31% yield).
An infrared spectrum (KBr) showed absorptions at 3200-3500
(b, v w) (OH stretch), 2944 cm" 1 (w) ; 1350 cm" 1 (m) , and
1311 cm" 1 (s) (C-H band); 1109 cm" 1 (vs); 1068 cm" 1 (vs)
;
1052 cm-1 (vs); 949 cm" 1 (vs) (C-0 stretch); 810 cm" 1 (s)
(C-C stretch); 789 cm" 1 (s)
,
753 cm" 1 (s) (C-Cl stretch);
664 cm' 1 (s) (C-Br stretch); 557 cm' 1 (m) ; 440 cm" 1 (w)
;
324 cm" 1 (w).
Soluble fraction
The acetone soluble fraction precipitated when the
filtrate above was poured into petroleum ether. The pre-
cipitated solid was collected on a M (10-15 u) fritted
funnel dried in a nitrogen stream, and then placed in a
small beaker which was kept in a vacuum desiccator for 16
hours at 15 mm pressure. The acetone soluble product was
obtained as a white solid (1.20 g, 27%).
The infrared spectrum (KBr) showed absorptions at 3200-
3550 cm" 1 (b, m) OH stretch; 2944 cm" 1 (m) (COH stretch);
1370 cm" 1 (w); 1350 cm" 1 (m) , 1311 cm" 1 (s) (C-H bend);
1109 cm" 1 (vs), 1068 cm" 1 (vs)
, 1052 cm" 1 (VS ), 949 cm" 1
(vs) (C-0 stretch); 810 cnf 1 (s) (C-C stretch); 789 cm" 1
(s), 753 cm' 1 (0) (C-Cl stretch); 664 cm" 1 (s) (C-Br
stretch); 557 cm" 1 (m)
.
To a 100 ml round bottom flask with a male 19/32
standard taper joint was washed with dilute (IN) HC1,
rinsed with distilled water four times, and dried for 72
hours at 120°C. A 3 way ground glass stopcock with a 19/32
female joint was also washed with dilute (IN) HC1 and
rinsed four times with distilled water and dried at 120°C
for 72 hours. The flask was joined to the stopcock while
both were still hot and the assembly was purged with dry
nitrogen. The assembly was clamped and allowed to cool to
room temperature under a nitrogen blanket. Freshly dis-
tilled bromodichloroacetaldehyde (10 ml, 0.1 mole), dry
dichloromethane (10 ml) and trifluoromethanesulfonic acid
(0.1 ml, mole) was added under nitrogen with dry syringes.
The flask was shaken and a small quantity of white powder
formed immediately after shaking. The flask was allowed
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to stand for 24 hours at
-30°C in a bromobenzene-dry ice
slush bath. The flask was removed from the bath and
allowed to warm to room temperature. The solid was col-
lected on a fine fritted funnel, washed with acetone (100
ml) and dried under a nitrogen stream. Polybromodichloro-
acetaldehyde was obtained as a white powder of fine parti-
cle size. Yield: 1.54 g, 40%. The infrared spectrum (KBr)
showed absorptions at: 2944 cm" 1 (m) (C-H stretch); 1370
cm"
1 (w); 1350 cm" 1 (m) and 1311 cm" 1 (s) (C-H bend); 1109
cm"
1 (vs), 1068 cm" 1 (vs), 1052 cm" 1 (vs), 949 cm" 1 (vs)
(C-0 stretch); 810 cm" 1 (s) (C-C stretch); 789 cm" 1 (s)
,
753 cm" 1 (s) (C-Cl stretch); 664 cm" 1 (s) (C-Br stretch);
557 cm" 1 (m), 440 cm" 1 (w) , 324 cm" 1 (w)
.
12
.
Polymerization of Bromodichloroacetaldehyde with
Pyridine .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
as described in Procedure #9.
Bromodichloroacetaldehyde (2 ml, 20 mole) was added
with a dry syringe (12" needle). Pyridine (0.4 ml of a 1
molar solution in toluene 0.4 mmole or 2 mole percent) was
added with a dry syringe as a layer on top of the aldehyde
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in order to minimize mixing. The tube was inserted in a
liquid nitrogen bath, sealed at 0.1 mm pressure, removed
from the cooling bath and allowed to come to room tempera-
ture. The tube was placed in a 50°C bath for 5 minutes and
then removed, shaken quickly, and then placed in a bromo-
benzene-dry ice slush bath at
-30°C for three hours. A
self supporting gel formed after 5 minutes and the polymer-
ization was allowed to proceed for 3 hours to complete the
reaction
.
The sealed tube was warmed to room temperature and was
then cut into sections about 1 inch long with a glass file.
The sections of tubing containing the polymer were soaked
in acetic anhydride (10 ml) - acetone (10 ml) mixture in an
Erlenmeyer flask for 24 hours at -10°C. The polymer re-
mained in the glass tubes during this extraction. The
glass tube sections were then transferred to a second flask
and dichloromethane (20 ml) was added, eztracted for 24
hours in CH2CI2 at 25°C and then dried for 3 hours. The
cylindrical sections of polymer were removed from the tub-
ing and then dried in a vacuum desiccator at 15 mm for 16
hours. Polybromodichloroacetaldehyde was obtained as
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colorless translucent tough cylinders in the shape of the
glass tubing (yield: 2.76 g, 72%). This experiment was
repeated and a yield of 68% was obtained. The infrared
spectrum (KBr) showed absorption at 2944 cm" 1 (m) (C-H
stretch), 1370 cm" 1 (w) , 1350 cm" 1 (m) and 1311 cm" 1 (s)
(C-H bend), 1109 cm" 1 (vs) , 1068 cm" 1 (vs)
, 1052 cm" 1 (vs),
949 cm-1 (vs) (C-0 stretch), 810 cm" 1 (s) (C-C stretch),
789 cm" 1 (s) (C-Cl stretch), 753 cm" 1 (s) (C-Cl stretch),
664 cm" 1 (s) (C-Br stretch), 557 cm" 1 (m) , 440 cm" 1 (w)
,
324 cm" 1 (w).
13. Polymerization of Bromodichloroacetaldehyde with
Lithium tert-Butoxide
.
A 12 inch long (10 mm I.D.) pyrex tube prepared as
described in Experiment #9.
Freshly distilled bromodichloroacetaldehyde (2 ml, 20
mmole) was added with a dry syringe (12" needle). A solu-
tion of freshly sublimed lithium tert-butoxide (0.33 ml of
a 0.3 solution in methylcyclohexane) (0.1 mmole, 0.5 mole
percent) was added carefully as a layer on top of the
aldehyde in order to minimize mixing. The tube was inserted
in a liquid nitrogen bath and sealed at 0.1 mm pressure,
removed from the cooling bath, warmed slightly and then
placed in a bromobenzene-dry ice slush bath (maintained at
-30°C) for 10 minutes. The tube was then removed, shaken
quickly, and placed in the
-30°C bath without agitation
for three hours and was not disturbed. A self-supporting
gel formed after a few seconds. The gel was clear after a
few seconds, and translucent after 3 minutes.
The tube was warmed to room temperature and was cut
into sections about 1 inch long with a glass file. The
sections of tubing containing the polymer were soaked in
an acetic anhydride (10 ml) - acetone (10 ml) mixture in
an Erlenmeyer flask with a ground glass stopper for 24
hours at
-10°C, placed in dichloromethane (30 ml) in a
stoppered flask at 25°C for 24 hours. The sections were
then removed and air dried. The polymer could be tapped
out of the glass tubing when dry. Polybromodichloroacet-
aldehyde (3.04 g, 80% yield) was obtained as colorless
translucent cylinders in the shape of the glass tubing.
The infrared spectrum (KBr) showed absorptions at 2944 cm" 1
(ra) (C-H stretch); 1370 cm" 1 (w) ; 1350 cm" 1 (m) and 1311
cm
_1
(s) (C-H bend); 1109 cm" 1 (vs), 1068 cm" 1 (vs),
1052 cm" 1 (vs), 949 cm" 1 (vs) (C-0 stretch); 810 cm" 1 (s)
(C-C stretch); 789 cm" 1 (s), 753 cm" 1 (s) (C-Cl stretch);
664 cm" 1 (s) (C-Br stretch); 557 cm" 1 (m)
.
Polymerization of Bromodichloroacetaldehvde with
2,4,6-collidine
.
'
A 12 inch long (10 mm I.D.) pyrex tube prepared as
described in Experiment #9.
Freshly distilled bromodichloroacetaldehyde (2.0 ml,
20 mmole) was added with a dry syringe followed by careful
addition of 2, 4,6-collidine (0.4 ml of a 1M solution in
toluene, 0.4 mmole, 2.0 mole %) . The tube was inserted in
a liquid nitrogen bath, sealed at 0.1 mm pressure, and then
allowed to come to room temperature. The tube was shaken
to mix the reactants thoroughly and was then placed in a
-30°C bath for without agitation 24 hours. A slow gel-
forming polymerization took place.
The tube was allowed to warm to room temperature and
the tube was cut open with a glass file. The tube was cut
into sections along the length of the solid product. The
glass sections were soeaked in acetone (20 ml) and acetic
anhydride for 24 hours at -10°C. The product was pushed
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out of the short sections of pyrex tubing into the acetic
anhydride-acetone mixture, isolated on a M fritted funnel,
dried, and soaked in dichloromethane (25 ml) for 12 hours
at 25°C, collected. After drying in a vacuum desiccator at
15 mm overnight polybromodichloroacetaldehyde was obtained
as small white granules (2.61 g, 68% yield).
The infrared spectrum (KBr) could be superimposed on
infrared spectra (KBr) of a previously prepared same of
polybromodichloroacetaldehyde
.
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Polymerization of Bromodichloroacetaldehyde with
Triethyl amine .
_
"
~
A 12 inch (10 mm I.D.) pyrex tube was prepared as
described in Experiment #9.
Freshly distilled bromodichloroacetaldehyde (4.0 ml,
40 mmole) was added with a dry syringe and triethyl amine
(2 drops) was then added.
The tube was inserted in a liquid nitrogen bath,
sealed at 0.1 mm pressure, and then allowed to come to room
temperature. The tube was shaken to mix the reactants
thoroughly and was then placed in a
-30°C bath for 3 hours.
A rapid gel forming polymerization took place.
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The tube was allowed to warm to room temperature and
the tube was cut open with a glass file. The reaction tube
was cut into 1 inch sections along the length of the poly-
mer. The glass sections were soaked in methanol (25 ml)
and 36% HC1 (5 drops) in a stoppered Erlenmeyer flask for
16 hours at
-10°C. The sections of polymer were extracted
in dichloromethane (120 ml) for 24 hours. The polymer was
collected and dried. Polybromodichloroacetaldehyde was
obtained as cylindrical sections in the shape of the glass
tube. (1.99 g, 52%). The infrared spectrum (KBr) could be
superimposed on infrared spectra (KBr) of a previously
prepared sample of polybromodichloroacetaldehyde. This
experiment was repeated and a yield of 57% was obtained.
16
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Polymerization of Bromodichloroacetaldehyde with
Cesium Chloride .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled bromodichloroacetaldehyde (2.0 ml,
20 mmole) was added with a dry syringe. Cesium chloride
(0.2 ml of a 0.3 molar solution in tetraglyme, 0.06 mmole
or 0.3 mole percent) was then added carefully. The tube
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was inserted in a liquid nitrogen bath, sealed at 0 . 1 pres-
sure, then allowed to come to room temperature. The tube
shaken to mix the reactants thoroughly and was then placed
in a
-30°C bath for 3 hours. A rapid polymerization took
place. The tube was allowed to warm to room temperature
and the tube was cut open with a glass file. The tube was
cut into sections along the length of the solid product.
The glass sections were soaked in acetone (20 ml) and acetic
anhydride for 24 hours at
-10°C. The product was pushed
out of the short sections of pyrex tubing into the acetic
anhydride-acetone mixture. The product was collected on a
M fritted funnel and dried in a stream of nitrogen, was
soaked in dichloromethane (25 ml) for 12 hours at 25°C,
collected and dried. Polybromodichloroacetaldehyde was
obtained as small white granules or chips (2.09 g, 54%
yield)
.
The infrared spectrum (KBr) could be superimposed
on infrared spectra (KBr) of a previously prepared sample.
17
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Polymerization of Bromodichloroacetaldehyde with
Triphenyl dichlorovinyloxyphosphoniumchloride
.
The phosphonium salt was prepared according to the
first step in the procedure above for the synthesis of
dichlorobromoacetaldehyde from chloral arid triphenyl phos-
phine. Dichloromethane was removed from the chloral-
triphenyl phosphine 1 : 1 adduct in a stream of dry nitrogen
overnight and the flask was closed with 3 stoppers.
A 6 inch test tube was placed in a dry box. Bromo-
dichloroacetaldehyde (approximately 2 ml, 20 mmole) and 0.1
g of the phosphonium salt were added to the test tube. The
tube was shaken and placed in a
-30°C bath for 3 hours. The
tube was removed from the bath and a mixture of acetone
(2 ml) and acetic anhydride (2 ml) was added by syringe
through the serum cap on top of the solid plug which had
formed and the test tube was placed in the refrigerator at
-10°C for 6 hours. The acetone-acetic anhydride mixture
was decanted and the product was dried by a slow stream of
nitrogen. The polymer was removed, extracted with acetone
in a soxhlet extractor for 12 hours, and dried. Poly-
dichlorobromoacetaldehyde was obtained as an opaque
slightly yellow plug (1.97 g, 51% yield). An infrared
spectraum (KBr) could be superimposed on previous spectra.
The yield obtained in a similar experiment run previously
was 44%.
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• Polymerization of Cl2CBrCHQ with CsF
A 12 inch long (10 ram I.D.) pyrex tube was prepared as
described in Experiment #9.
Freshly distilled bromodichloroacetaldehyde (2 ml, 20
mmole) was added with a dry syringe. Cesium fluoride (0.2
ml of a 0.3 molar solution in tetraglyme, 0.06 mmole or 0.3
mole percent) was then added carefully and the tube was
inserted in a liquid nitrogen bath, sealed at 0.1 mm pres-
sure, removed from the cooling bath and allowed to come to
room temperature. The tube was then shaken thoroughly and
replaced in the
-30°C bath for 3 hours. A very rapid gel-
forming polymerization took place.
The tube was warmed to room temperature and the tube
was cracked with a hammer. The broken glass was removed
and a tough cylinder of polymer was recovered. The polymer
was soaked in acetone (20 ml) and acetic anhydride (20 ml)
for 24 hours and then in dichloromethane (30 ml) for 24
hours. The polymer was isolated and air dried. Poly-
bromodichloroacetaldehyde was obtained as a white translu-
cent cylinder (2.42 g, 63% yield).
The infrared spectrum (KBr) could be superimposed on
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infrared spectra (KBr) of a previously prepared sample.
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Polymerization of Bromodichloroacetaldehvde with
Triphenylphosphine
. Initiation at 70°C .
A 12 inch long 10 mm I.D. pyrex tube was prepared as
described in Experiment #9.
Freshly distilled bromodichloroacetaldehvde (2.0 ml,
20 mmole) was added with a dry syringe. A lower half of
the tube was heated in an oil bath at 70°C for 5 minutes
until the temperature in the tube had equilibrated at 70°C.
Triphenylphosphine (0.2 ml of a 1 M solution in toluene,
0.2 mmole, 1 mole percent) was added with a dry syringe on
top of the aldehyde as a layer to minimize premature mix-
ing. The tube was then shaken and placed immediately into
the 70°C oil bath again for 1 minute. The tube was removed
from the oil bath and quickly placed in a -30°C bromoben-
zene-dry ice slush bath for 24 hours.
A white porcelain like solid had formed during the
period. The tube was cut into several sections along the
length of the solid plug of polymer. The sections of tub-
ing still containing the product were placed in a 125 ml
Erlenmeyer flask and acetic anhydride (30 ml) and acetone
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(30 ml) were poured on top. The flask was closed with a
stopper and was allowed to stand at
-10°C for 6 hours in
the refrigerator. The flask was removed from the refriger-
ator and the acetone-acetic anhydride and the polymer
isolated, extracted with dichloromethane
, filtered and
dried. Polydichlorobromoacetaldehyde was obtained as white
grains (2.06 g, 54% yield). The infrared spectrum could be
superimposed on previous spectra for polydichlorobromo-
acetaldehyde.
20
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Attempted Polymerization of Bromodichloroacetaldehyde
with Triphenylphosphine Bromodichloroacetaldehyde
1:1 Adduct
.
To a dried 500 ml round bottom flask was added a
nitrogen blanket triphenylphosphine (27.0 g, 0.1 mole) in
dry dichloromethane (60 ml) . The flask was cooled at 0°C
and the solution was stirred. Bromodichloroacetaldehyde
(10 ml, 0.1 mole) was added dropwise over a period of 30
minutes and the solution brought to dryness under a nitrogen
stream.
A 6 inch test tube was prepared. Bromodichloroacetal-
dehyde (2 ml, 20 mmole) was transferred from the vial to
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the test tube with the syringe. Approximately 0.1 g of the
phosphonium salt was added to the test tube. The flask was
closed with the stopper, shaken until the slight cloudiness
vanished, and placed in a
-30°C bath for 24 hours. No
solid polymer was detected and no polymerization had
occurred.
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Attempted Polymerization of Bromodichloroadetaldehyde
with Triphenylphosphine
. Initiation at 25°C~
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromodichloroacetaldehyde (2.0 ml,
20 mmole) was added with a dry syringe. Triphenylphosphine
(0.4 ml of a 0.3 M solution in cyclohexane, 0.12 mmole,
0.6 mole percent) was added with a dry syringe followed by
toluene (0.2 ml). The tube was inserted in a liquid nitro-
gen bath, sealed at 0.1 mm pressure, and then allowed to
come to room temperature. The tube was shaken to mix the
reactants thoroughly and was then placed in a dry ice-
isopropyl alcohol bath for 144 hours. No polymerization
had occurred after 144 hours.
The experiment was repeated with a 1 mole percent
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concentration of trophenylphosphine, without any indication
of polymer formation.
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Attempted Polymerization of BromodichloroacetaldehvdP
with TriphenyldibromovinyloxvnhosphoniumbromTd^:
To a dried 500 ml round bottom flask was dried at
120°C for 72 hours. The flask was removed from the oven
and clamped. A nitrogen inlet tube was placed in the left
neck, a condenser connected to a bubbler tube was placed
in the right neck and an addition funnel placed in the
center neck. The flask was purged with nitrogen and heated
with an air gun for five minutes. Triphenylphosphine (27.0
g, 0.1 mole) in dry dichloromethane (60 ml) was added from
the addition funnel, the flask was cooled to 0°C and the
solution was stirred under the nitrogen blanket. Bromal
(10 ml, 0.1 mole) was added dropwise over a period of 30
minutes and the solution was brought to dryness.
Bromodichloroacetaldehyde (2 ml, 20 mmole) was trans-
ferred from a sealed vial to the test tube in a dry box
with the syringe. About 0.1 g of the phosphonium salt was
added to the test tube. The tube was shaken until the
slight cloudiness vanished, placed in a -30°C bath for 3
hours. The reaction mixture was unchanged at the end of
this time. The tube was allowed to remain in the
-30°C
bath for 21 additional hours. No solid material was
observed.
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E. COPOLYMERIZATION OF BROMODICHLOROACETAIDEHYDE
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<
Copolymerization of Bromodichloroacetaldehvde and
Chloral with AICI3" " ~^
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled chloral (2 ml, 20 mrnole) bromodich-
loroacetaldehyde (2 ml, 20 mrnole) , and 0.1 ml of AICI3 in
nitrobenzene (1M solution of AlC^/nitrobenzene
, 0.1 mrnole,
0.5 mol percent) were added with dry syringes. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 mm,
removed from the cooling bath and allowed to come to room
temperature. The tube was shaken thoroughly and then
placed in a dry ice«chlorobenzene slush bath at
-45°C for
24 hours. A gel was formed after one hour.
The tube was warmed to room temperature and was then
cut into sections about one inch long. The sections were
soaked in acetone (30 ml) for 24 hours at room temperature,
and dried for 16 hours at 25°C. The chloral bromodichloro-
acetaldehvde copolymer was obtained as translucent tough
cylinders in the shape of the polymerization tube (5.07 g,
74.4%). The infrared spectrum showed absorptions at 2940
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cm"
1
(m) (C-H Stretching); 1375 cm" 1 (w)
, 1344 cm" 1 (m),
1305 cm" 1 (s) (C-H bending); 1097 cm" 1 (VS ) , 1058 cm" 1 (vs)
1040 cm" 1 (vs), 950 cm" 1 (vs) (C-0 stretching), 805 cm" 1
(s), 780 cm" 1 (s), 740 cm" 1 (s) (C-Halogen stretching),
650 cm" 1 (m).
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Copolymerization of Dichlorobromoacetaldehvde and
Chloral with Trifluoromethanesulfonic acid.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled chloral (1 ml, 10 mmole) bromo-
dichloroacetaldehyde (1 ml, 10 mmole) and 0.1 ml of CF3SO3H
(1M solution of CF3SO3H dichloromethane, 0.1 mmole, 1.0
mol percent) were added with dry syringe. The tube was
inserted in a liquid nitrogen bath, sealed at 0.1 mm,
removed from the cooling bath and allowed to come to room
temperature. The tube was shaken thoroughly and then
placed in the refrigerator at
-10°C for two weeks.
The tube was warmed to room temperature and was then
cut into sections about one inch long. The sections were
soaked in acetone (30 ml) for 24 hours at room temperature,
and dried for 16 hours at 25°C. The chloral-bromodich-
loroacetaldehyde copolymer was obtained as white granules
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(1.24 g, 36.6% yield). The infrared spectrum showed
absorptions at 2940 cm-1 (C-H stretching), 3460 cm" 1 (w)
(OH stretch end group); 1375 cm" 1 (w) ; 1344 cm" 1 (m) , 1305
cm'
1 (s) (C-H bend); 1097 cm' 1 (vs), 1058 cm" 1 (vs), 1040
cm"
1 (vs), 950 cm" 1 (vs) (C-0 stretching), 805 cm" 1 (s),
780 cm 1 (s), 740 cm" 1 (s) (C -halogen stretching); 650 cm" 1
(m).
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Copolymerization of Bromodichloroacetaldehyde and
Phenyl Isocyanate (10% isocyanate in feed)
.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromodichloroacetaldehyde (4.0 ml,
40 mmole) was added with a dry syringe (12" needle).
Phenylisocyanate (0.4 ml, 4 mmole, 10%) was added with a
dry syringe and the tube was shaken briefly. Pyridine (0.8
ml of a 1M solution in toluene, 0.8 mmole, 2 mole percent)
was added as a layer on top of the monomer mixture. The
tube was inserted in a liquid nitrogen bath, sealed at 0.1
mm pressure, and then allowed to come to room temperature.
The tube was shaken to mix the reactants thoroughly and was
then placed in a dry ice-acetone bath at -78°C. A self
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supporting gel formed in 30 seconds and no visible change
took place after 1 hour. The tube was allowed to remain for
24 hours to complete the reaction. The tube was removed
from the cold and was allowed to warm to room temperature.
The polymerization tube was cut into one inch sections. The
polymer was soaked in acetone (25 ml) for 8 hours. The
bromodichloroacetaldehydephenyl isocyanate copolymer was
obtained as small white translucent cylinders (4.03 g, 68%
yield). A previous experiment, in which the amounts of the
reactants were one third of the quantities used here, yield-
ed this copolymer (74%) as small cylinders with a slight red
color which could not be extracted.
An infrared spectrum of this copolymer showed absorp-
tions at 2955 cm" 1 (m) , 2870 cm" 1 (w) (C-H Stretching),
1745 cm 1 (s) (carbonyl stretch, urethane) , 1601 cm 1 (m)
,
1490 cm" 1 (m) (monosubstituted phenyl), 1430 cm 1 (m) , 1370
cm"
1 (w), 1350 cm" 1 (m) , 1311 cm" 1 (s) (C-H bending, acetal
carbon), 1109 cm" 1 (vs), 1068 cm" 1 (vs), 1052 cm" 1 (vs), 950
cm"
1 (vs) (C-0 stretching), 810 cm" 1 (s), 789 cm" 1 (vs), 752
cm"
1 (C-Cl stretching), 664 cm" 1 (m) . Anal, for N: 1.23%
which corresponds to about 14% isocyanate in the copolymer.
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Copolymerization of Dichlorobroroacetaldehvde and
Chloral with H2SO4. " '—
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled chloral (2 ml, 20 mmole) dichloro-
acetaldehyde (2 ml, 20 mmole) and two drops of H 2S04 were
added with dry syringe. The tube was inserted in a liquid
nitrogen bath, sealed at 0.1 mm, removed from the cooling
bath and allowed to come to room temperature. The tube was
shaken thoroughly and then placed in the refrigerator for 2
weeks at
-10°C.
The tube was warmed to room temperature, was then cut
into sections about one inch long. The sections were soaked
in acetone (30 ml) for 24 hours at room temperature, and
dried for 16 hours at 25°C. Chloral bromodichloroacetal-
dehyde copolymer was obtained as a white powder, 2.53 g,
37%. The infrared spectrum showed absorptions at 3550-3200
cm" 1 (w, b) (OH stretching, end group), 2940 cm" 1 (m) (C-H
stretching); 1375 cm" 1 (w) , 1344 cm" 1 (m) , 1305 cm" 1 (s)
(C-H bending), 1097 cm" 1 (vs), 1058 cm" 1 (vs), 1040 cm" 1
(vs), 950 cm" 1 (vs) (C-0 stretching), 805 cm" 1 (s), 780
89
cm (s), 740 cm" (s) (C-halogen stretching); 650 cm" 1 (m)
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Copolymerization of BromodichloroacetalriPh™^ andChloral with Pyridine .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled chloral (2 ml, 20 mmole) bromodich-
loroacetaldehyde (2 ml, 20 mmole) and 0.1 ml of pyridine
(1M solution of pyridine in toluene 0.1 mmole, 0.5 mol
percent) were added with dry syringe. The tube was insert-
ed in a liquid nitrogen bath, sealed at 0.1 mm, removed
from the cooling bath and allowed to come to room tempera-
ture
.
The tube was shaken thoroughly and then placed in a
dry ice-chlorobenzene slush bath at
-45°C for 24 hours. A
gel was formed after one hour.
The tube was warmed to room temperature and was then
cut into sections about one inch long. The sections were
soaked in acetone (30 ml) for 24 hours at room temperature,
and dried for 16 hours at 25°C. Chloral-bromodichloroace-
taldehyde copolymer was obtained as translucent tough
cylinders in the shape of the polymerization tube (4.769
;
70.6%). The infrared spectrum showed absorptions at 2940
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cm' 1 Cm) (C-H stretching); 1375 cm"! („), 1344 cm (m )
,
1305 cm-1 (s) (C-H bending)
, 1097 cm"! (vs), 1058 cm'l (vs),
1040 cm-1 (vs), 950 cm"! (vs) (C-H stretching), 805 cm'l
(s), 780 cm-1 (s), 740 cm"* (s) (C-halogen stretching), 650
cm" 1 (m)
.
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' ^polymerization of Bromodichloroacetalrfph^o andPhenylisocyanate (5% Isocyanate in FePfn .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromodichloroacetaldehyde (2.0 ml,
20 mmole) was added with a dry syringe. Phenylsocyanate
(0.1 ml, 1 mmole, 5%) was added with a dry syringe (8"
needle) and the tube was shaken briefly. Pyridine (0.4 ml
of a 1M solution in toluene 0.4 mmole, 2 mole percent) was
added as a layer on top of the monomer mixture. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 mm
pressure, and then allowed to come to room temperature.
The tube was shaken to mix the reactants thoroughly and was
then placed in a dry ice-acetone bath at
-78°C. A self
supporting gel formed in 15 seconds and no visible change
took place after one hour. The tube was allowed to remain
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in the cold bath for 24 hours and was allowed to warm to
room temperature. The polymerization tube was cut into one
inch sections. The polymer was soaked in acetone (25 ml)
in a stoppered flask for 8 hours, dried in a nitrogen
stream broken up, soaked in acetone for 16 hours, collected
and dried. Bromodichloroacetaldehyde-phenylisocyanate
copolymer was obtained as small translucent grains with a
trace of red color which could not be extracted (2.61 g,
65% yield).
An infrared specimen of this copolymer showed absorp-
tions at 2955 cm" 1 (m) , 2870 cm"! (m) (C-H stretching),
1745 cm -1 (carbonylj, 1601 cm" 1 (w) , 1495 cm" 1 (w) (aromatic),
1430 cm" 1 (w), 1370 cm" 1 (w) , 1350 cm" 1 (m) , 1311 cm-1 (s)
(C-H bending), 1109 cm-1 (vs), 1068 cm-1 (vs), 1052 cm" 1 (vs)
950 cm -1 (vs) (C-0 stretching), 810 cm-1 (s), 789 cm-1 (vs)
,
752 cm" 1 (C-Cl stret ching) , 664 cm" 1 (m) (C-Br stretching).
Anal, for N: 0.62%. This corresponds to about 9% isocya-
nate in the copolymer. Analysis for nitrogen at this con-
centration is no better than - 0.30.
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Copolymerization of Bromodichloroacetal ^Phenylisocvanate (207, Isocyanate in FeedV
A 12 inch long (10 mm I.D.) pyrex tube was prepared.
Freshly distilled bromodichloroacetaldehyde (1 ml, 10
mmole) was added with a dry syringe. Phenyl isocyanate
(0.2 ml, 2 mmole, 20%) was added with a dry syringe and
the tube was shaken briefly. Pyridine (0.2 ml of a 1m
solution in toluene, 0.2 mmole, 2 mole percent) was added
by dry syringe as a layer on top of the monomer mixture.
The tube was inserted in a liquid nitrogen bath, sealed at
0.1 mm pressure, and then allowed to come to room tempera-
ture. The tube was shaken to mix the reactants thoroughly
and was then placed in a dry ice-acetone bath at
-78°C. A
self supporting gel formed after 5 minutes and no visible
change took place after 12 hours. The tube was allowed to
remain in the cold bath for 24 hours to complete the reac-
tion. The tube was removed from the cold bath and was
allowed to warm to room temperature. The polymerization
tube was cut into one inch sections along the length of the
product. The sections containing the polymer were soaked in
acetone (25 ml) in a stoppered flask for 8 hours. The
acetone was decanted into a small beaker and was set aside
to evaporate. The one inch sections were dried in a nitre
gen stream and then the product was chipped out, with
great difficulty, with a microspatula
. The small pieces
of polymer were soaked in acetone for 16 hours, collected
on a C (40-60 u) fritted funnel, and dried in a stream of
nitrogen. The remaining acetone was removed from the poly-
mer at 15 mm in a vacuum desiccator overnight. The bromo-
dichloroacetaldehyde-phenylisocyanate copolymer was ob-
tained as small translucent chunks with a slight red color
which could not be extracted (1.51 g, 70.6% yield).
The infrared spectrum showed absorptions at 2950 cnT 1
(m), 2870 cm (w) (C-H stretching), 1740 cm"! (s) (C-0
stretching, urethane)
, 1601 cm"! (m)
, 1515 cm"! (w)
, 1497
cm-1 (m), 1480 cm"! (w)
, 1440 cm"! (w)
, 1378 cm"! (w)
, 1355
cm-1 (m), 1311 cm-1 ( s ) (C .H bending acetal carbon), 1109
cm-1 (vs)> 106 8 cm-1 (vs)> 1052 cm"! (vs), 950 cm"! (vs)
(C-0 stretching, 825 cm-1 ( s)> 797 cm-l (s)j 76Q cnrl (g)
(C-halogen stretching), 740 cm"! (m) , 697 cm-1 (w) s 668 cm-l
(m). Anal, for N: 1.4570 .
This corresponds to about 18% isocyanate for the
copolymer.
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'
^polymerization of teomodlctOoroaceta ldehvde and
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled phenyl isocyanate (2.1 ml, 2 mmole)
was added with a dry syringe (12" needle) and dichlorobromo
acetaldehyde (2.0 ml, 2 mmole) was added with dry syringe.
The isocyanate was added first and the aldehyde second and
good mixing was attained. Pyridine (0.4 ml of a 1 molar
solution in toluene, 0.4 mmole or 2 mole percent) was then
added carefully as a layer. The tube was inserted in a
liquid nitrogen bath, sealed at 0.1 mm pressure, removed
from the cooling bath and allowed to come to room tempera-
ture. The tube was shaken thoroughly and then placed in a
dry ice-isopropyl alcohol bath at
-78°C for 72 hours. This
copolymerization was much slower than the homopolymeriza-
tion of bromodichloroacetaldehyde and a full 72 hours was
required for completion of copolymerization.
The tube was opened and cut into sections with a glass
file. The copolymer, a wax, was pushed out of each section
into acetone (25 ml) and stirred for 30 minutes. Hexane
95
(20 ml) was added. The copolymer was then collected on a
medium fritted funnel. The copolymer of bromodichloroace-
taldehyde and phenyl isocyanate was obtained as a light
yellow powder. The infrared spectrum (KBr) showed absorp-
tions at 2940 cm" 1 (m) (C-H stretching), 1730 cm" 1 (vs)
(C-0 stretching, urethane)
, 1595 cnf 1 (m)
, 1494 cm" 1 (m)
(aromatic, phenyl), 1370 cm" 1 (w)
, 1342 cm" 1 (m)
, 1305 cm" 1
(s) (C-H bend, acetal)
,
1260-1270 cm" 1 (s
,
b)
, 1252 cm" 1
(s), 1090-1100 cm" 1 (s, b)
, 1065 cm" 1 (vs)
, 1047 cm" 1 ( s )
,
1005 cm" 1 (s), 955 cm" 1 (vs), 810 cm" 1 ( s ), 800 cm" 1 (vs)
759 cm' 1 (s), 700 cm" 1 (m)
.
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*
Copolymerization of Bromodichloroacetaldehyde with
n-butylisocyanate
.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromodichloroacetaldehyde (1.0 ml,
10 mmole), n-butyl isocyanate (1.0 ml, 10 mmole) pyridine
(0.2 ml of a 1M solution in toluene 0.2 mmole, 2 mole per-
cent) were added by dry syringe. The tube was closed and
was inserted in a liquid nitrogen bath, sealed at 0.1 mm
pressure, and then allowed to come to room temperature.
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The tube was shaken to mix the reactants thoroughly and was
then placed in a
-78°C bath for 24 hours.
The tube was opened and the hard yellow wax was removed
and was stirred for one hour in acetone (20 ml) and the
solid material was collected on a fritted funnel. The fil-
trate was diluted with n-hexane (20 ml) but no solid mater-
ial precipitated out from the filtrate. The product on the
fritted funnel was washed with acetone (25 ml) and dried in
a stream of nitrogen. The bromodichloroacetaldehyde-n-
butyl-isocyanate copolymer was obtained as light yellow
granules (1.18 g, 47.3% yield). The infrared spectrum
showed absorptions at 2940 cm" 1 (C-H stretching), 1370 cm" 1
(w), 1338 cm" 1 (m), 1310 cm" 1 (s) (C-H bending), 1105 cm" 1
(vs), 1965 cm" 1 (vs), 1040 cm" 1 (vs) , 950 cm" 1 (vs) (C-0
stretching), 820 cm" 1 (s), 802 cm" 1 (s), 760 cm" 1 (s)
(C-halogen stretching), 1730 cm" 1 (m) (C-0 stretching,
urethane)
.
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polSSrs
EGRADATI°N °F bromodich^oacetaidehyde
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• !f°T !?efadati°n ° f Pol^^odichlorn,o^a1^u„^Obtained trom Cl?CBr CHO and PvririT^T 7
A 16 inch long pyrex tube (12 mm I.D.) was bent into a
U shape. One end of the U-tube was sealed and polybromo-
dichloroacetaldehyde (1.0 g), a powder, was placed in the
closed end of the U-tube. The tube was sealed at 0.1 mm
pressure. The empty end of the U-tube was placed with one
end in a liquid nitrogen bath and the other end, containing
the polymer, in a silicone oil bath maintained at 180°C.
After 30 minutes a colorless solid had collected in the cold
end of the U-tube; no residue remained in the hot end. The
tube was cut open and a sample of the colorless liquid was
drawn out with a 10 microliter syringe and immediately
injected into a gas chromatograph. The remainder of the
colorless liquid was poured into a tared screw cap bottle.
The analysis by gas chromatography (35% Diisodecyl-
phthalate on Chromasorb W) indicated that the colorless
liquid was 98% monomeric dichlorobromacetaldehyde
. An
infrared spectrum of the colorless liquid could be nearly
98
superimposed on previous spectra for the monomer. The
polymer had degraded quantitatively (0.97 g or 97%) to
monomer without residue formation.
3
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*
Vacuum Degradation of Polybromodichlomaf^a ldehvdeObtained from Cl 2CBrCH0 and H2S04 .
A 16 inch long pyrex tube (12 mm I.D.) was bent into a
U shape. Polybromodichloroacetaldehyde (1.0 g) powder was
placed in the closed end of the U-tube and the tube was
sealed under at 0.1 mm pressure and the empty end of the
tube was placed in a liquid nitrogen bath, and the end con-
taining the polymer was heated with an air gun to approxi-
mately 300°C for 15 minutes, and a char was left behind.
The tube was removed from the liquid nitrogen bath and an
orange solid was observed. The tube was cut open and a
sample of the liquid was drawn out with a 10 microliter
syringe and immediately injected ibto a gas chromatograph.
The remainder of the orange liquid was poured into a tared
screw cap bottle. The analysis by G.C. indicated that
several components were present in the orange liquid includ-
ing bromodichloroacetaldehyde. The char was removed and
weighed (0.17 g) . The polymer of bromodichloroacetaldehyde
99
prepared in the presence of „2S04 did ^ ^
exclusively. A residue under the .ore vigorous heating
conditions, 17% by weight, remained.
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G. POLYMERIZATION RATE DETERMINATION OF Cl2CBrCHO by NMR
A NMR tube was prepared for the experiment according
to a consistent cleaning procedure. The NMR tube was
soaked in soap solution for 2 days, rinsed repeatedly with
distilled water, washed with dilute (IN) HNO3, rinsed again
repeatedly with distilled water and finally dried at 120°C
for 72 hours. A 6 inch test tube was cleaned the same way
and was dried at 120°C for 72 hours.
The test tube was removed from the oven and very
quickly a serum cap was placed over the open end. The serum
ca|np was firmly anchored to the test tube with copper wire
so that the serum cap would not slip off when a syringe
needle was inserted through it. A syringe needle (#17, 6
inch) connected to a source of dry nitrogen was inserted
through the serum cap and a second syringe needle (#17, 2
inch) was inserted as a nitrogen outlet. The test tube was
clamped in a vertical position and the nitrogen flow was
started. The tube was purged for 5 minutes and was heated
with an air gun. The tube was allowed to cool to room
101
temperature while a flow of nitrogen was maintained. The
tube was then lowered into an oil bath maintained at 50°C.
Freshly distilled bromodichloroacetaldehyde (3 ml, 30
mmole) was added with dry syringe through the serum cap and
the temperature inside the test tube was allowed to reach
50°C during five minutes. Pyridine (0.6 ml of a 1M solu-
tion in toluene, 2 mol percent, 0.6 mmole) was added with a
dry syringe and the tube was agitated until the mixing was
complete. The NMR tube was removed from the oven, clamped
in a vertical position and purged with dry nitrogen for 3
minutes by means of a syringe needle (8 inch, #20). The
NMR tube was placed in the 50°C oil bath to a depth of 3
inches. The initiated solution was then transferred from
the test tube with a dry syringe to the NMR tube so that
2-1/2 inches of the NMR tube were filled with initiated
monomer. The syringe needle connected to the nitrogen
source was removed and very quickly the tube was closed
with a pressure cap. The top of the NMR tube was wrapped
with parafilm. The 50°C bath the NMR tube, and the test
tube were carried together to the NMR spectrometer. The
NMR tube was removed from the 50°C bath, wiped off and the
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zero time aldehyde proton (g= 8.9) intensity was recorded.
The frequency of the methyl group protons on the toluene
was used as an internal standard. The NMR tube was placed
in a -30°C bath after 2, 5, 10, 20, 50, 60, 120, and 360
minutes and the aldehyde peak intensity was determined by
integration. The toluene methyl peak was also integrated
each time. The NMR tube was kept in the
-30°C bath for 72
hours and a final aldehyde peak intensity was determined to
obtain a final conversion. The polymerization was actually
complete in one hour.
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H. STABILIZATION OF BROMODICHLOROACETALDEHYDE POLYMERS
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•
Treatment of Bromodichloroacetaldehvde Oligomer
with Acetic Anhydride. " 6
Bromodichloroacetaldehvde oligomer (1.8 g, 10 mrnole)
and acetic anhydride (50 ml) were placed in a 100 ml round
bottom flask with a side arm nitrogen inlet. The flask was
connected to a source of dry nitrogen and the flask was
purged for 10 minutes while a reflux condenser was inserted.
The flask was heated with a heating mantle for 15 minutes
to have acetic anhydride refluxing gently while all of the
solid material went into solution. The flask was allowed
to cool to room temperature and acetic anhydride was
removed on the rotary evaporator at reduced pressure. The
solid remaining in the flask was washed with n-hexane and
collected. The polymer was placed in an abderhalden at 0.1
mm pressure at 25°C. End capped (acetone soluble) poly-
bromodichloroacetaldehyde was obtained as a white powder
(90% yield). The infrared spectrum (KBr) showed absorptions
at 2940 cm-1 (m) (C-H stretching), 1753 cm" 1 (m) (C-0
stretching), 1370 cm" 1 (w) , 1345 cm' 1 (m) , 1311 cm' 1 (s)
,
1200 cm" 1 (m) (C-0 stretching ester end group), 1120 cm" 1
104
(vs), 1065 cnf 1 (vs), 947 cm" 1 (vs), 950 cm" 1 (vs) (C-0
stretching), 820 cm" 1 (s), 795 cm" 1 (s) , 765 cm" 1 (s), 724
cm
1 (m) (C-halogen stretching), 665 cm' 1 (w)
.
36
•
Treatment of Polybromodichloroacetaldehyde (Prepared
from H2SO4) with Acetic Anhydride Without Pyridine.'
Bromodichloroacetaldehyde polymer (1.8 g, 10 mmole)
and acetic anhydride (50 ml) were placed in a 100 ml round
bottom flask with a side arm nitrogen inlet. The flask was
connected to a source of dry nitrogen and the flask was
purged. A reflux condenser was connected to the neck and
the flask was heated with a heating mantle to reflux. The
reflux was continued for 15 minutes and then the flask was
allowed to cool to room temperature. No polymer came out
of the solution while the flask cooled. The polymer was
collected, washed with acetone (30 ml) and dried. The
polymer was extracted for 24 hours in a soxhlet apparatus
with acetone, and dried in an Abderhalden apparatus at 25°C
and 0.1 mm pressure overnight. The end capped polybromo-
dichloroacetaldehyde was obtained as a white powder (1.7 g,
94% yield). An I. R. spectrum showed absorptions at 2944 cm -1
(m) (C-H stretching), 1753 cm" 1 (w) (C=0 stretching), 1370
«-l („), 1350 .-1 (.), 1311 o.-l ( S ) (c.„ bending)> U09
C.-1 (vs), 1068 o.-l (vs), 1052 o."l (8 ), 949 o.-l (vs),
(C-0 stretching), 810 cm"! (s) (C-C stretching), 789 o."l
(s), 753 cn-1 (s), 664 c"l (s) (C-halogen stretching),
557 cm -1 (m) (c-Br stretching).
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I. THRESHOLD POLYMERIZATION TEMPERATURE DETERMINATION
FOR Cl2CBrCHO
dicnxoroacetaidehydP gj Toluene ^ hTu^J^Br°m0 -
Four 6 inch test tubes were washed with IN HC1, rinsed
with distilled water four times and dried for 72 hours at
120°C. The test tube was purged with nitrogen for 10 min-
utes and then freshly distilled bromodichloroacetaldehyde
(3.0 ml, 30 mmole) was added by dry syringe. The lower
half of the test tube was then heated in an oil bath at 50°C.
Toluene (2.7 ml) and pyridine (0,3 ml of a 1M solution in
toluene 0.3 mmol, 1 mole %) were added by dry syringe. The
tube was agitated and placed in an isopropyl alcohol bath
at 50°C. The bath was allowed to cool at 2°C per minute
being stirred rapidly. Small pieces of dry ice were added.
At
-5°C a slight cloudiness was observed in the test tube.
Addition of the dry ice was contained until the temperature
reached
-30°C. The test tube was removed from the cold bath
and a self supporting gel was observed in the tube. A cloud
point at
-5°C was recorded as the ceiling temperature at a 5
molar monomer concentration.
The second test tube was removed from the oven, closed
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with a serum cap, and purged with dry nitrogen by means of
a syringe needle connected to nitrogen and an outlet needle.
The tube was clamped with the lower half in a 50°C oil bath.
Freshly distilled bromodichloroacetaldehyde (3.0 ml, 30
mmole) and pyridine (0.3 ml of a 1M solution in toluene,
0.3 mmole, 1 mole percent) were added with dry syringes
while the nitrogen flow was maintained. The tube was agi-
tated and placed in an isopropyl alcohol bath at 50°C. The
bath was cooled at 2°C per minute and stirred rapidly. At
23°C a cloudiness was observed. Addition of dry ice was
continued until the temperature reached
-30°C. The tube
was removed from the bath and the tube was broken. An
opaque plus of polymer was recovered. The threshold temper-
ature was recorded as 23° - 2°C for a 9 molar solution of
the aldehyde in toluene.
The experiment was repeated using exactly the same
procedure. The threshold temperatures for a 6M solution of
monomer and a 7.5 M solution of monomer in toluene were de-
termined to be 4° - 2°C and 16° - 2°, respectively.
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'
Instrumental Ceiling Tpmp^a^irr Determ, nal., ,
Bu^chlorc^cetaldShvH^n Z^^^^ff.
Four 6 inch test tubes were washed in HC1, rinsed with
distilled water four times and dried for 72 hours at 120°C.
The test tube was purged with nitrogen for 10 minutes
and then freshly distilled bronodichloroacetaldehyde (3.0
ml, 30 mmole) was added by dry syringe. The lower half of
the test tube was then heated in an oil bath to 50°C.
Toluene (2.7 ml) and pyridine (0.3 ml of a 1M solution in
toluene 0.3 mmol, 1 mole 5) were added by dry syringe. The
tube was cooled in liquid nitrogen, sealed at 0.1 mm, agi-
tated and placed in an isopropyl alcohol bath at 50°C. The
bath was allowed to cool at 2°C per minute while being
stirred rapidly. Cold nitrogen as was allowed to pass
through a copper coil. The light source was turned on and
the intensity of light transmitted through the sample was
recorded from the reading on the detector. The flow of
cold nitrogen gas was regulated with the temperature probe
and controller. The tube was removed from the cold bath
and a self supporting gel was observed in the tube. The
cloud point at 26°C was recorded as the ceiling temperature
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at an 8 molar monomer concentration, where the recorded
intensity began to decrease rapidly.
SeC°nd tUbe Was™d the oven, closed with
a serum cap, and purged with dry nitrogen. The tube was
clamped with the lower half ina 50°C oil bath. Freshly
distilled bromodichloroacetaldehyde (3.0 ml, 30 mmole) and
pyridine (0.3 ml of a 1M solution in toluene, 0.3 mmole, 1
mole percent) were added with dry syringes. The tube was
agitated and placed in an isopropyl alcohol bath at 50°C.
The bath was cooled at 2°C per minute and stirred rapidly.
The flow of cold nitrogen gas was continued until the
temperature reached
-30°C. The intensity of light trans-
mitted through the sample was record at 1° intervals. The
threshold temperature was recorded as 18°C for a 6.7 molar
solution of the aldehyde in toluene.
The experiment was repeated using the same procedure.
The threshold temperatures for a 5M solution of monomer and
a 3M solution of monomer in toluene were determined to be
11°
- 1°C and 3° * 1°C, respectively.
J. SOLUBILITY FOR Cl2CBrCHO
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*
S^ility Tests for PolvhrrMnodlchloroac^lHph^.
(Prepared under Anionic Conditions^
In each of 10 dry Erlenmeyer flasks with ground glass
joints were placed 1 gram samples of polybronodichloro-
acetaldehyde and 10 ml of the solvent to be tested. The
solvents acetone, dichloromethane
,
nitrobenzene, dimethyl
sulfoxide, trifluoroacetic acid, hexafluoroisopropanol,
o-chlorophenol, chloroform, and toluene were added succes-
sively to each flask by syringe and the tubes were closed
with ground glass stoppers. The flasks were allowed to
stand for 72 hours at 25°C. The solid materials remaining
after 72 hours were collected and the PMR spectrum of each
filtrate was taken to detect the presence of soluble poly-
mer. The PMR spectra showed solvent peaks, and in some
cases small peaks corresponding to the protons in brorao-
dichloroacetaldehyde and the hydrate of this aldehyde.
These were the only peaks observed. The acetone, toluene,
chloroform and dichloromethane filtrates were evaporated,
and in every case a trace of solid remained which was the
hydrate of bromodichloroacetaldehyde
. The dimethyl
110
sulfoxide, trifluoroacetic acid, hexafluoroisopropanol and
nitrobenzene filtrates were concentrated and the removed
completely at reduced pressure. No residues remained be-
hind after complete solvent removal.
The solubility tests were repeated employing mixed
solvent systems: acetone/dichloromethane/toluene
; dimethyl
sulfoxide /benzene; nitrobenzene- and dichlorobenzene
.
Polychloral samples were also tested for solubilities in
these solvent combinations for comparison. No solid mater-
ial, neither polychloral nor polybromodichloroacetaldehyde
could be isolated from the filtrates after the polymers
had been exposed for 72 hours to these solvent mixtures.
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•
Swelling Tests for Polybromodichloroacetaldehyde
PolychloraT " —
A sample of polychloral, a chloral-phenyl isocyanated
copolymer (containing 10% isocyanate according to elemental
analysis for nitrogen), polybromodichloroacetaldehyde, and
a bromodichloroacetaldehyde-phenyl isocyanate copolymer
(containing 10% isocyanate) were covered with dichloro-
methane in Erlenmeyer flasks. The diameter of each cylin-
der of polymer was recorded at intervals while the
Ill
dichloromethane swelled the samples. After 48 hours no
more swelling was observed. The initial and final diameter
were recorded. The samples were allowed to dry for one
week and the diameter of the redried samples were also
recorded. The data were: polychloral; initial diameter
0.495 inches, final 0.525 inches, redried 0.495, 6.1%
swelling; chloral-phenylisocyanate copolymer, initial
diameter 0.480", final diameter 0.535", redried diameter
0.480", 11.2% swelling; polybromodichloroacetaldehyde
initial diameter 0.483", final diameter 0.515", redried
diameter 0.483". 6.3% swelling; bromodichloroacetaldehyde
phenylisocyanate copolymer initial diameter 0.456", final
diameter 0.513" redried diameter 0.456", 12.5% increase.
L. CHLOROD IBROMOACETALDEHYDE SYNTHESIS AND
POLYMERIZATION
41
*
Synthesis of Chlorodibromoacetaldehvde frnm
Chloroacetaldehyde-diethylacetal
.
A 500 ml 3-neck round bottom flask was equipped with
a pressure-equalizing addition funnel, a nitrogen inlet
tube, and a reflux condenser. The flask was purged with
dry nitrogen for 10 minutes and then chloroacetaldehyde
diethylacetal (100 ml. 0.67 mole) was added and the whole
assembly was lowered into an oil bath. The flask was heat
ed with stirring until the oil bath had reached 100°C.
Bromine (85 ml. 1.5 mole) was added dropwise at a rate
that just allowed the red color in the flask to vanish.
The addition was complete after 8 hours.
The flask was removed from the oil bath and was
allowed to cool to room temperature. The addition funnel
was replaced with a ground glass stopper, the reflux con-
denser was removed and replaced with an adapter for distil
lation. The condenser was joined to the adapter on one
end and to a 100 ml round bottom receiving flask with a
vacuum adapter, which was cooled in a dry ice/lsopropyl
alcohol bath. Volatile products were collected at a
pressure of 15 mm in the receiver; the distillation was
completed by heating the flask with an oil bath at 40°C.
The fraction collected a mixture of ethyl bromide (95%) and
ethanol (5).
The receiving flask was replaced with a 200 ml round
bottom flask, phosphorous pentoxide (5.0 g) was added and
the entire apparatus was purged with dry nitrogen for 5
minutes. The flow of nitrogen was decreased and the flask
was cooled in a dry ice/isopropyl alcohol bath. Ethanol
was collected while the vapor temperature was less than
100°C, the vapor temperature then rose rapidly. The re-
ceiver was replaced with a dry 200 ml. flask and the pres-
sure in the apparatus was reduced to 100 mm; the second
fraction was impure chlorodibromoacetaldehyde
.
The receiver was now removed from the cold bath and
was allowed to warm to room temperature under a blanket of
nitrogen. The aldehyde was then distilled from the P2O5 at
at 100°C 30 mm under nitrogen. The first 3 ml. were col-
lected and the receiver was replaced which was cooled in a
dry ice/isopropyl alcohol bath of
-78°C. About 30 ml. of
colorless liquid was collected as a middle cut. The
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aldehyde was redistilled from phosphorous pentoxide (3.0 g) //
under nitrogen at 30 mm pressure through a 6 inch vegreaux
column. The first 4 ml of chlorodibromoacetaldehyde were
discarded and then about 25 ml. of pure aldehyde was col-//
lected, a colorless liquid (25.2 ml., 38% yield), boiling
at 147-148°C, 760 mm. The infrared spectrum (neat) showed
absorptions at 1747 cm-1 (vs) (C-0 stretch), 3480 cm-1 (w)
(overtone); 2850 cm-1 (m) , 650 cm-l (s)
. The carbonyl
stretch in hexane was 1750 cm-1 and in the gas phase 1768
cm-1.
The PMR spectrum showed one peak at g =8.7 ppm.
Anal: Calcd. for C2HBr 2C10: C, 10.17%; h, 0.42; CI, 15.01%;
Br, 67.55%. Found, C, 10.24; H, 0.60; CI, 14.59; Br,
67.39%.
42. Polymerization of Chlorodibromoacetaldehyde with
Pyridine . ~~
A 12 inch long (10 ram I.D.) pyrex tube was prepared as
described in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2 ml, 2
mmole) was added with a dry syringe. Pyridine (0.4 ml. of
a 1 molar solution in toluene, 0.4 m mole or 2 mole percent)
was then added, the tube was inserted in a liquid nitrogen
bath, sealed at 0.1 mm pressure, removed from the cooling
bath and allowed to come to room temperature. The tube
was shaken thoroughly and then placed in a dry ice-
chlorobenzene slush bath at
-45°C for 72 hours. Self sup-
porting gel formed after 10 minutes; the polymerization
was essentially complete after one hour but for completion
the polymerization was allowed to proceed for 72 hours.
The tube was warmed to room temperature and was then
cut into sections about 1 inch long with a glass file. The
sections of tubing containing the polymer was soaked in an
acetic anhydride (10 ml.) acetone (10 ml) mixture for 24
hours at
-10°C. The polymer was isolated, washed with
acetone (50 ml.), soaked for 24 hours in dichloromethane
(20 ml) at
-10°C, filtered and dried. Polychlorodibromo-
acetaldehyde (2.87 g, 52% yield) was obtained as colorless
translucent chips. The infrared spectrum (KBr) showed
absorptions at 2940 cm" 1 (C-H stretching), 1338 cm" 1 and
1310 cm -1 (C-H bending), 1105 cm-1
,
1065 cm-1
, 1040 cm" 1
,
950 cm" 1 (vs), (C-0 stretching) 802 cm" 1 (C-C stretching
or C-Cl stretching) 780 cm" 1 and 726 cm" 1 (C-halogen
stretching). Anal. Calcd. for C 2HBr 2C10: C, 10.17%;
0.42%; CI, 15.01%; Br, 67.66%. Found: C, 10.38%, H
,
0.69%; CI, 15.00%; Br, 67.28%.
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M. COPOLYMERIZATION OF CHLORODIBROMOACETALDEHYDE
43
'
CoP^yrcerization of C^orodlbromoacemdehyde andPhenyl Isocyanate ggQsoj^iati ^ *L**±
A 12 inch long (10 mm I. D.) pyrex tube was prepared.
Freshly distilled chlorodibromoadetaldehyde (2.0 ml.,
20 mmole) and phenyl isocyanate (0.2 ml., 2 mmole, 10%)
^re added with a dry syringe and the tube was shaken
'
briefly. Pyridine (0.4 ml. of a 1M solution in toluene,
0.4 mmole, 2 mole percent) was added carefully. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 mm
pressure, and then allowed to come to room temperature.
The tube was shaken to mix the reactants thoroughly and was
then placed in a dry-ice acetone bath at
-78°C, and allowed
to remain undisturbed 72 hours. After warming to room temper-
ature, the polymerization tube was cut into 1 inch sec-
tions and soaked in acetone (25 ml) 8 hours, dried, soaked
again and dried. Chlorodibromoacetaldehyde phenyl iso-
cyanate copolymer was obtained as small white granules
(2.51 g, 54% yield). An infrared spectrum (KBr) showed
absorption at: 2950 cm" 1 (m) , 2885 cm" 1 (w) (C-H stretching)
1745 cm" 1 (vs) (C-0 stretching ,urethane) ; 1601 cm' 1 (m)
,
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1550 cm" 1 (w), 1528 cm" 1 (w)
, 1497 cm" 1 (m ) , 1430 cm" 1 (w)
(aromatic); 1373 cm" 1 (w) ; 1355 cnf 1 (m ) , 1318 cm" 1 (s)
(C-H bending, acetal carbon); 1109 cm -1 (vs)
, 1068 cnf 1
(vs), 1050 cm" 1 (vs), 950 cm" 1 (vs) (C-0 stretching) 810
cm"
1 (s); 789 cm" 1 (s), 752 cm" 1 (s), 747 cm" 1 (s), 705
cnf 1 (w). Anal, for N: 0.79% (12% of isocyanate in the
copolymer
.
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'
Copolymerization of Chlorodibromoacetaldehyde and
Chloral with Trifluoromethanesulfonic Acid .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled chloral (2 ml., 20 mmole) Chloro-
dibromoacetaldehyde (2 ml., 20 mmole), and 0.4 ml. of
CF3SO3H (1M solution of CF3SO3H in dichloromethane
, 0.4
mmole, 2.0 mole percent) were added with dry syringe. The
tube was inserted in a liquid nitrogen bath sealed at 0.1
mm, removed from the cooling bath and allowed to come to
room temperature. The tube was shaken thoroughly and then
placed in the refrigerator at
-10°C for 2 weeks. The tube
was warmed to room temperature and was then cut into sec-
tions about one inch long, soaked in acetone (30 ml.) and
dried. Chloral-chlorodibromoacetaldehyde copolymer was
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obtained as a white powder (3.07 g, 41% yield). The
infrared spectrum showed absorptions at 2940 cm -1 (m )
CC-H stretching); 1370 cm" 1 (w)
, 1344 cm" 1 (m ) , i320 cm" 1
(s) (C-H bending); 1105 cm" 1 (vs), 1070-1050 cm" 1 (vs, b)
,
947 cm" 1 (vs, b) (C-0 stretching); 828-805 cm" 1 (s
,
b)
,
800 cm" 1 (s) (C-Cl stretching); 787 cm" 1 (m) ; 750 cm" 1
(s, b), 672 cm" 1 (m) (C-Br stretching).
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Copolymerization of Chlorodlbromoacemdehyde andChloral with AICI3T '
A 12 inch long (10 mm I.D.) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled chloral (2 ml., 20 mmole) chloro-
dibromoacetaldehyde (2 ml. 20 mmole) and 0.1 ml of AICI3
in nitrobenzene (1M solution of AICI3 nitrobenzene, 0.1
mmole, 0.5 mol percent) were added with dry syringes. The
tube was inserted in a liquid nitrogen bath, sealed at 0.1
mm, removed from the cooling bath and allowed to come to
room temperature. The tube was shaken thoroughly and then
placed in a dry ice-/chlorbenzene slush bath at
-45°C for
24 hours. A gel was formed after one hour. The tube was
warmed to room temperature and was then cut into sections
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about one inch long, soaked in acetone (30 ml) for 24 hours
and dried. Chloral-chlorodibromoacetaldehyde copolymer was
obtained as translucent, tough cylinders in the shape of
the polymerization tube (4.93 g, 66% yield). The infrared
spectrum showed absorptions at 2940 cm" 1 (m) (C-H stretching)
1370 cm" 1 (w); 1344 cm" 1 (m)
, 1320 cm" 1 (s) (C-H bending);
1105 cm" 1 (vs, b), 947 cm" 1 (vs, b) (C-0 stretching); 828-
805 cm" 1 (s, b), 800 cm" 1 (s), (C-Cl stretching); 787 cm" 1
(m); 750 cm
-1
(s, b)
, 672 cm" 1 (m) (C-Br stretching).
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•
Copolymer ization of Chlorodibromoacetaldehyde with
Phenylisocyanate (5% isocyanate in feed)
.
a 12 inch long (10 mm I.D.) pyrex tube was prepared
according to the procedure in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2.0 ml,
20 mmole) and phenyl isocyanate (0.1 ml., 0.1 mmole, 5%)
and pyridine (2 drops from a #18 needle) were added with
syringes. The tube was inserted in a liquid nitrogen bath,
sealed at 0.1 mm pressure, and then allowed to come to room
temperature. The tube was shaken to mix the reactants
thoroughly and was then placed in a chlorobenzene-dry ice
bath at
-45°C. for 72 hours. The tube was allowed to warm
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to room temperature, cut into one inch sections, soaked in
acetone (25 ml.) for 8 hours and dried. Chr lorodibromo-
acetaldehyde-phenyl isocyanate copolymer was obtained as
small white granules witj a very slight red color that
could not be extracted (3.36 g, 75% yield).
An infrared spectrum (KBr) showed absorptions at 2960
cm" 1 (m), 2885 cm" 1 (w) (C-H stretching); 1745 cm" 1 (m)
,
(C-0 stretching, urethane) ; 1601 cm' 1 ;(w)
, 1497 cm" 1 (w)
(aromatic); 1373 cm" 1 (w) ; 1355 cm" 1 (m) , 1318 cm" 1 (s)
(C-H bending, acetal C-H), 1109 cm" 1 (vs) , 1068 cm" 1 (vs),
1050 cm" 1 (vs), 950 cm" 1 (vs) (C-0 stretching); 810 cm" 1
(s), 789 cm" 1 (s), 752 cm" 1 (s), 747 cm" 1 (s),705 cm" 1 (w)
.
Anal, for N: 0.58%. Corresponding to 9% isocyanate in the
copolymer
.
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Copolymerization of Chlorodibromoacetaldehyde with
Phenylisocyanate (20% isocyanate in feed) .
A 12 inch long (10 mm I.D) pyrex tube was prepared as
described in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2.0 ml.
20 mmole) phenylisocyanate (0.4 ml. 4 mmole, 20%) and
pyridine (0.4 ml of a 1M solution in toluene, 0.4 mmole 2,
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mole percent) were added „ith syringes> chlorodibrQmo .
acetaldehyde (2.0
-1, 20 mmole) and phenyl ^
ml., 0.4 «ol. 207.) and pyridine (2 drops from a #18 needle)
-s added. The tube was inserted in a liquid nitrogen bath,
sealed at 0.1 „ pressure, and then allowed to come to room
temperature. The tube was shaken to mix the reactants
thoroughly and was then allowed to come to room temperature.
The tube was shaken to mix the reactants thoroughly and was
then placed in a chlorobenzene-dry ice bath at
-45°C for 72
hours. The tube was allowed to warm to room temperature,
cut into one inch sections soaked in acetone (25 ml) for 8
hours and dried. Chlorodibromoacetaldehyde-phenyl
isocyanate copolymer was obtained as small white granules
with a very slight red color that could not be extracted
(2.23 g 46.47.). Anal for N: 2.11. Corresponds to 27.37.
isocyanate in copolymer. An infrared spectrum (KBr) showed
absorption at: 2950 cm"! (m)
, 2885 cm"! („) (c-H stretching)
1745 cm" 1 (vs) (C-0 stretching, urethane); 1601 cm' 1 (m),
1550 cm-1 (w), 1528 cm" 1 (m)
, 1497 cm" 1 (m) (aromatic);
1430 cm" 1 (w); 1373 cm" 1 (w)
, 1355 cm" 1 (m) , 1318 cm" 1 (s)
(C-H bending, acetal carbon); 1109 cm -1 (vs), 1068 cm" 1 (vs),
1052 cm" 1 (vs), 950 cm"* (vs) (C-H stretching); 810 cm"!
(s), 789 cm-l (vs), 752 cm" 1 (vs) (C-Cl stretching); 664
cm
-1 (m) (C-Br stretching); 748 cm" 1 (s)
.
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•
Copolymerization of Chlorodibromoacetaldehvde and
Phenylisocyanate (50% Isocyanate in feedTT "
Phenylisocyanate (1.1 ml, 1 mmole) and chlorodibromo-
acetaldehyde (1.0 ml, 1 mml) were added with dry syringes.
The isocyanate was added first, the aldehyde second and
good mixing was obtained. Pyridine (0.4 ml of a 1 molar
solution in toluene (0.4 mmole or 2 mole percent) was then
added carefully. The tube was inserted in a liquid nitro-
gen bath, sealed at 0.1 mm pressure, allowed to come to
room temperature, shaken thoroughly and then placed in a
dry ice/isopropyl alcohol bath at
-78°C for 72 hours. The
tube was inserted in a liquid nitrogen bath, sealed at 0.1
mm pressure, and then allowed to come to room temperature,
shaken to mix the reactants, and then placed in a dry ice/
acetone bath at
-78°C for 72 hours. Copolymerization was
much slower than the homopolymerization of bromodichloro-
acetaldehyde and a full 72 hours was required. The tube
was opened, cut into sections and the copolymer was stirred
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with acetone (25 .1) wax for 30 minutes. During this time
the wax became a light orange powdery precipitate. Hexane
(20 rol) was added while the stirring was continued. The
copolymer was then collected and dried.
The copolymer of chlorodibromoacetaldehyde and phenyl-
isocyanate was obtained as a light yellow powder (3.03 g,
91% yield). The infrared spectrum showed absorptions at:
2940 cm"* (m) (C-H stretching), 2870 eofl (w ) (C -H stretch-
ing, phenyl); 1735 cm"* (vs) (C-0 stretching, urethane)
,
1595 cm" 3- (m), 1550 coT* (w)
,
1520-1525 cm"! (w)
, 1495 cm'*
(m), 1442 cm" 1 (w) (monosubstituted phenyl ring); 1397 cm" 1
(w), 1367 cm" 1 (w), 1315 cm" 1 (m)
, 1298 cm" 1 (s) , 1210 cm' 1
Cw, b), 1120 cm" 1 ;(s), 1090 cm" 1 (s), 1061 cm" 1 (s), 965
cm" 1 (vs), 820 cm" 1 (m) , 800 cm" 1 (m, b) , 768 cm" 1 (s),
755 cm" 1 (vs), 708 cm" 1 (s). Anal, for N: 2.96%. This
corresponds to 38% isocyanate in the copolymer.
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Copolymerization of Chlorodibromoacetaldehyde with
n-butylisocyanate
.
"
"
"
A 12 inch long (10 mm I.D.) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2.0 ml,
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20 mmole) and n-butylisocyanate (2.3 ml, 25 mmole) were
mixed. Pyridine (0.8 ml of a 1M solution in toluene, 0.8
mmole, 4 mole %) was finally added. The tube was inserted
in a liquid nitrogen bath, sealed at 0.1 mm pressure,
allowed to come to room temperature, briefly shaken and
then placed in a
-78°C bath for 24 hours. The tube was
allowed to warm to room temperature, cut open and a light
yellow soft solid was isolated and placed in a small flask
with acetone (10 ml), stirred for one hour. The solid
material was collected. The filtrate was poured into
hexane (20 ml) but gave no additional solid material.
Chlorodibromoacetaldehydejn-butylisocyanate copolymer was
obtained as a light yellow powder (1.47 g, 22% yield). The
infrared spectrum shows absorptions at 2940 cm" 1 (C-H
stretching); 1720 cm" 1 (C-0 stretching
, urethane) ; 1370 cm" 1
(w); 1338 cm' 1 (m)
, 1310cm ^s) (C-H bending), 1105 cm' 1 (vs)
1065 cm" 1 (vs), 1040 cm" 1 (vs), 950 cm" 1 (vs) (C-H stretch-
ing); 802 cm" 1 (s), 780 cm" 1 (s), 726 cm" 1 (s) (C-Halogen
stretching). Anal, for N: 0.68% (10% isocyanate in
copolymer)
.
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*
Attempted Polymerization of Chlorodibromnacetaldehvde
with Triphenyl Phosphine. ; *
—
A 12 inch long (10 mm I.D.) pyrex tube was prepared as
described in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2.0 ml,
20 mmole) was added with a dry syringe. Triphenyl phosphine
(0.4 ml of a 0.3 M solution in cyclohexane, 0.12 mmole, 0.6
mole percent) and toluene (0.2 ml) was added. The tube was
inserted in a liquid nitrogen bath, sealed at 0.1 mm pres-
sure, allowed to come to room temperature, shaken to mix
the reactants thoroughly and then placed in a dry ice/
isopropyl alcohol bath for 72 hours. No solid material was
noticeable even after additional 72 hours and even after
additional 72 hours in spite of very careful work up.
The experiment was repeated with a 1 mole percent
concentration of triphenyl phosphine, at
-78°C and at a
bath temperature of
-45°C but no polymer was isolated.
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' YT* 1 Ceiling Temperature Determination ^ Chloro-dibromoacetaldehvde in Toluene with PvridinP 1
Four 6 inch test tubes were washed in IN HC1, rinsed
with distilled water four times and dried for 72 hours at
120 C. One tube was removed from the oven and quickly
closed with a serum cap. A syringe needle (#17, 8" long)
connected to a source of dry nitrogen was inserted as a
nitrogen outlet. The test tube was purged with nitrogen
for 10 minutes and then freshly distilled chlorodibrorao-
acetaldehyde (2.0 ml, Z0 mmole) was added by a dry syringe
while the flow of dry nitrogen was maintained. The lower
half of the test tube was then heated in an oil bath at 50°
C. Toluene (1.7 ml) and pyridine (0.4 ml of a 1M solution
in toluene 0.2 mmole, 1 mole %) were added with a dry
syringe, the tube was agitated and placed in an isopropyl
alcohol bath at 50°G. The bath was allowed to cool at 2°C
per minute while being stirred. Small pieces of dry ice
were added to the bath while it was stirred rapidly. At
-37°C a slight cloudiness was observed in the test tube.
Addition of the dry ice was continued until the temperature
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reached
-60°C. The test tube was removed from the cold bath
and a self supporting gel was observed. A cloud point of
-37°C was recorded as the polymerization temperature at 5
molar monomer concentration.
The second test tube was removed from the oven, closed
with a serum cap, and purged with dry nitrogen by means of
syringe needle connected to nitrogen and an outlet needle.
The tube was clamped with the lower half in a 25°C oil bath.
Freshly distilled chlorodibromoacetaldehyde (3.0 ml, 30
mmole) and pyridine (0.3 ml of a 1M solution in toluene,
0.3 mmole, 1 mole percent) were added with dry syringes
while the nitrogen flow was maintained. The tube was agi-
tated and placed in an isopropyl alcohol bath at 25°C. The
bath was cooled at 2°C per minute and stirred rapidly.
At
-17°C a cloudiness was observed. Addition of dry ice
was continued until the temperature reached
-60°C. The
tube was removed from the bath and the tube was broken.
An opaque plug of polymer was recovered. The threshold
temperature was recorded as
-17°C "t 5°C for a 9 mole solu-
tion of the aldehyde in toluene.
The experiment was repeated using exactly the same
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procedure. The threshold temperatures for a 6M solution of
monomer and a 7.5 M solution of monomer in toluene were
determined to be
-35°C ± 5°C and
-26°C ± 5°c respectively
by this procedure.
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trT"tal CeiUng TemP^ture Determii^tion *~Chlorodibromoacetaidehyde in Toluene with P^MgT
Four polymerization tubes were washed in IN HC1,
rinsed with distilled water four times and dried for 72
hours at 120<>C. One tube was removed from the oven. A
syringe needle (#17, 8" long) connected to a source of dry
nitrogen was inserted. The test tube was purged with nit-
rogen for 10 minutes and then freshly distilled chlorodi-
bromoacetaldehyde (3.0 ml, 30 mmole) was added by a dry
syringe while the flow of dry nitrogen was maintained. The
lower half of the tube was then cooled in liquid nitrogen.
Toluene (Q.3 ml) and pyridine (0.3 ml of a 1M solution in
toluene 0.3 mmole, 1 mole %) were added with a dry syringe,
the tube was sealed and placed in an isopropyl alcohol bath
at 50°C. The bath was cooled at ]/2°C per minute by a copper
coil with a regulated flow cold nitrogen
. The in-
tensity of light transmitted through the sample was
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recorded. The flow of cold gas continued until the tempera-
ture reached
-60°C. The tube was removed from the cold bath
and a self supporting gel was observed. A cloud point of
-12oC was recorded as the temperature at a 8.3 molar mono-
mer concentration. At -12oC the intensity of transmitted
light just began to decrease.
The second tube was removed from the oven and purged
with dry nitrogen by means of a syringe needle connected to
nitrogen. Freshly distilled chlorodibromoacetaldehyde (3.0
ml, 30 mmole) was added and the tube was cooled in liquid
nitrogen, pyridine (1.3 ml of a 0.23M solution in toluene, 0.3
mmole, 1 mole percent) was added with a dry syringe while
the nitrogen flow was maintained. The tube was warmed to
25°C, agitated and placed in an isopropyl alcohol bath at
25°C. The bath was cooled at 2°C per minute and stirred
rapidly, around
-20°C rapid decrease in transmitted light
was recorded. Cooling with cold nitrogen gas was continued
until the temperature reached
-60°C. The tube was removed
from the bath and the tube was broken. An opaque plug of
polymer was recovered. The threshold temperature was
recorded as
-20°C - 2°C for a 6.7 molar solution of the
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aldehyde in toluene.
The experiment was repeated using exactly the same
procedure. The threshold temperatures for a 5M solution of
monomer and a 2.5 M solution of monomer in toluene were
determined to be -24°± 2°C and -30°± 3 °C respectively.
A NMR tube was prepared for the experiment according
to a consistent cleaning procedure. The NMR tube was
soaked in soap solution for 2 days, rinsed repeatedly with
distilled water, washed with dilute (1 N) HN03 , rinsed
again repeatedly with distilled water and finally dried at
120°C for 72 hours. A 6 inch test tube was cleaned the
same way and was dried at 120°C for 72 hours.
The test tube was removed from the oven and very
quickly, a serum cap was placed over the open end and
secured. A syringe needle (#17, 6 inch) connected to a
source of dry nitrogen was inserted through the serum cap
and a second syringe needle (#17, 2 inch) was inserted as a
nitrogen outlet. The test tube was clamped in a vertical
position and the nitrogen flow was started. The tube was
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Purged for 5 roinutes, heated with an air gun, allowed to
cool to room temperature while a flow of nitrogen was main-
tained, and lowered into an oil bath maintained at 25°C.
Freshly distilled chlorodibromoacetaldehyde (3 ml, 30 mmole)
was added with a dry syringe and the temperature inside the
test tube was allowed to reach 50°C (five minutes). Pyri-
dine (0.6 ml of a 1M solution in toluene, 2 mol percent,
0.6 mmole) was added and the tube was agitated. The NMR
tube was removed from the oven, clamped in a vertical posi-
tion and purged with dry nitrogen for 3 minutes, was placed
in the 50°C oil bath to a depth of 3 inches. The initiated
solution was then transferred fromthe test tube to the NMR
tube so that 2-1/2 inches of the NMR tube were filled with
initiated monomer. The syringe needle connected to the
nitrogen was removed and very quickly the tube was closed
with a pressure cap. The top of the NMR tube was wrapped
with parafilm. The NMR tube was removed from the 50°C bath,
wiped off and the zero time aldehyde proton ( g = 8.9)
intensity was recorded. (The methyl group resonances of
the toluene was used as an internal standard.) It was then
placed in a
-78°C bath along with the test tube which
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contained the remaining initiated monomer which was used as
a blank. The NMR tube was removed from the
-78°C bath after
2, 5, 10, 20, 40, 60, 120, and 360 minutes and the aldehyde
peak intensity was determined by integration.
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0. CHARACTERIZATION OF CDBA POLYMERS AND COPOLYMERS
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*
Vacuum Degradation of Polybromodichloroacetaldehvde
Obtained from Br 2CClCHO and Pyridine
.
A 16 inch long pyrex tube (12 mm I.D.) was bent into a
U shape; one end was sealed. Polychlorodibromoacetaldehyde
(1.0 g), a powder, was placed in the closed end of the U-
tube, and the tube was sealed at 0.1 mm pressure. The
empty end of the U-tube was placed in a liquid nitrogen
bath and the other end, containing the polymer in a silicone
oil bath of 180°C. After 30 minutes a colorless solid had
collected in the cold end of the U-tube. No residue in the
hot end of the oil bath. The tube was removed from the
baths, warmed to room temperature, the colorless solid was
melted and the tube was cut open. A sample of the colorless
liquid was drawn out with a 10 microliter syringe and im-
mediately injected into a gas chromatograph. The remainder
of the colorless liquid was poured into a tared screw cap
bottle (0.97 g or 97%). The analysis by gas chromatography
(35% diisodecyl phthalate on Chromosorb W) indicated that
the colorless liquid was 98% chlorodibromoacetaldehyde . An
infrared spectrum was nearly superimposable on spectra for
the pure monomer.
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•
Solubility Tests for CMn^ihTQm0acetalAph^o
Homopolymers
.
y
In each of 10 dry Erlenmeyer flasks with ground glass
joints samples of poly chlorodibromoacetaldehyde and 10 ml
of the solvent to be tested. The solvents acetone, dich-
loromethane, nitrobenzene, dimethyl sulfoxide, trifluoro-
acetic acid, hexfluoroisopropanol, o-chlorophenol,
chloroform and toluene were added successively to each
flask by syringe and the tubes were closed with ground glass
stoppers. The flasks were allowed to stand for 72 hours at
25°C. The solid materials remaining after 72 hours were
collected and the PMR spectrum of each filtrate was taken
to detect the presence of soluble polymer. The PMR spectra
showed solvent peaks, and in some cases small peaks cor-
responding to the protons in chlorodibromoacetaldehyde and
the hydrate of this aldehyde. These were the only peaks
observed. The acetone, toluene, chloroform and dichloro-
methane filtrates were evaporated and in every case a trace
of solid remained which was the hydrate of chlorodibromo-
acetaldehyde. The dimethyl sulfoxide, trifluoroacetic acid,
hexafluoroisopropanol and nitrobenezene filtrates were
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concentrated and then removed carefully at reduced pressure.
No residues remained behind after complete solvent removal.
The solubility tests were repeated employing mixed
solvent systems. Acetone/dichloromethane/toluene
; dimethyl
sulfoxide/benzene;
nitro/benzene/o-dichlorobenzene
. Poly-
chloral samples were also tested for solubilities in these
solvent combinations for comparison. No solid material,
no poly (dibromochloroacetaldehyde) and no oligomers could
be isolated from the filtrates after the polymers had been
exposed for 72 hours to these solvent mixtures.
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Solubtility Tests for Chlorodibromoacetaldehvde -
isocyanate copolymers
.
~" ~~ —
In each of 10 dry Erlenmeyer flasks with ground glass
joints were placed 1 gram of the solvent to be tested. The
solvents acetone, dichloromethane, nitrobenzene, dimethyl
sulfoxide, trifluoroacetic acid, hexafluoroisopropanol,
o-chlorophenol, chloroform, and toluene were added succes-
sively to each test tube by syringe and the tubes were
closed with ground glass stoppers. The flasks were allowed
to stand for 72 hours at 25°C. The solid materials remaining
after 72 hours were collected and the PMR spectrum of each
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filtrate was taken to detect the presence of soluble poly.
m6r
' ^ M SpGCt
-
sho^ solvent peaks. These were the
only peaks observed. The acetone, toluene, chloroform and
dichloromethane filtrates were evaporated and in every case
no solid remained. The dimethyl sulfoxide, trifluoroacetic
acid, hexafluoroisopropanol and nitrobenzene filtrates were
concentrated and then removed completed at reduced pressure.
No residues remained behind after complete solvent removal.
The solubility tests were repeated employing mixed
solvent systems: acetone/dichloromethane/toluene
; dimethyl
sulfoxide benzene; nitrobenzene-o-dichlorobenzene. Poly-
chloral samples were also tested for solubilities in these
solvent combinations for comparisons. No solid materials,
neither polychloral nor chlorodibromoacetaldehyde copolymers
could be isolated from the filtrates after the polymers had
been exposed for 72 hours to these solvent mixtures.
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•
Stabilization of Polychlorodibromoacetaldehvde by
Treatment with PCI5.
To a dry 125 ml. flask being slowly purged with dry
nitrogen were added polychlorodibromoacetaldehyde (1.0 g)
and PG1
5 (15 ml. of a 1M solution in CC14 ) . A reflux
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condenser was connected to the flask and the flask was
heated to reflux with an oil bath for 2 hours. The flask
was allowed to cool, the product was collected on a
sintered funnel, rinsed with CC14 (50 ml.) and dried under
nitrogen (0.89 g, 89% yield). The infrared spectrum of
this product could be superimposed on spectra for poly-
chlorodibromoacetaldehyde. A TGA of this product indicated
that the thermal stability was increased by this treatment.
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•
Reaction of Polybromodichloroacetaldehyde with 2,4
Dinitrophenylhydrazine Solution
.
Polybromodichloroacetaldehyde (0.10 g) and 2,4 dini-
trophenylhydrazine (0.5 g in 10 ml methanol 2 ml H2O and
0.5 ml concentrated H2SO4) were added to an 8 inch test tube
and the tese tube was closed with a ground glass stopper.
The mixture was allowed to stand at 25°C for 7 days.
Methanol (10 ml) was added to the mixture and the solid
material was collected on a sintered funnel, rinsed with
methanol (50 ml.) and dried under nitrogen. The product
(0.092 g, 92% recovered) had an infrared spectrum that
could be superimposed on spectra for polydichlorobromo-
acetaldehyde . Very little attack occurred and no visible
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changes were noticed during the 7 days in the reaction
tube.
5
9
*
faction of KI with a Chlorodibromoaceta ldehydePolymer
.
—
'—
Polychlorodibromoaceta ldehyde (1.0 g) and potassium
iodide (1.0 g in 50 ml. of acetone) were allowed to stand
in the dark at 25°C in a stoppered flask for 16 hours. The
solid remaining was collected on a funnel rinsed with
acetone (100 ml.) and dried under nitrogen. The product
was soaked in acetone (50 ml.) and then collected and dried
in a vacuum desiccator for 24 hours. An infrared spectrum
of this product could be superimposed on previous poly-
chlorodibromoaceta ldehyde spectra
.
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P. PURIFICATION AND POLYMERIZATION OF BROMAL
Purification of Bromal
-
A three neck 250 ml round bottom flask was equipped
with a nitrogen inlet tube and a reflux condenser. The
flask was purged with nitrogen for five minutes and then
antimony trifluoride (5.0 g) , bromal (50 ml) and a 3/4"
Teflon covered stirring bar were added through the third
neck with a funnel. A still head was placed in one neck
and the flask was heated in an oil bath to 100°C. for two
hours. The flask was then allowed to cool to room tempera-
ture and bromal was filtered under nitrogen pressure through
a medium fritted funnel. It was then poured into a 250 ml
round bottom flask^and 3.0 g of powdered P2O5 was added) and
distilled from the P2O5 at 50 mm under nitrogen through an
8 inch Vigreaux column. The first 5 ml of distillate were
red and were discarded. After the distillate became color-
less it was collected until 10 ml of liquid remained in the
distillation flask. The bromal collected contained less
than 0.17o impurities by volume according to analysis by
gas chromatography, and was used immediately for the poly-
merization experiments. The best column for bromal
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analysis by gas chromatography was a diisodecyl phthalate
(36%) on chromosorb W and the optimum column temperature
was 130OC. The infrared spectrum of pure bromal showed a
carbonyl absorption at 1742 cm" 1 (neat), 1754 cm" 1 (in
hexane, or 1765 cm" 1 (gas phase). The remainder of the
spectrum could be superimposed on standard published in-
frared spectra for bromal.
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Polarization of Broma l with Lithium tgrt^Butoxide
.
A 12 inch long (10 mm. I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (2.0 ml, 20 mmole) and
lithium tertiary butoxode (Oj6 7ml of a 0.3 M solution in
methyl cyclohexane 0.2 mmole, 1.0 mole percent) and
toluene (0.4 ml) were added with a dry syringe. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 pres-
sure, and then placed in a
-45°C for ten minutes. The tube
was shaken to mix the reactants thoroughly and was then
placed in a dry ice acetone bath at
-78°C for 72 hours.
This polymerization, like the polymerization of bromal
with pyridine, gave a homogeneous gel.
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The tube was allowed to warm to room temperature, cut
into one inch sections. The sections containing the poly-
mer were soaked in acetic anhydride (25 ml.) for 8 hours.
The acetic anhydride was decanted into a small beaker. The
product was broken up, with great difficulty, with a
nicrospatula and the small pieces of polymer were soaked in
acetone for 16 hours. After isolation and drying, poly-
bromal was obtained as small colorless translucent granules
(2.073 g, 37% yield). An infrared spectrum of this product
could be superimposed on an infrared spectrum of the poly-
bromal prepared by pyridine initiation. In a separate exper-
iment, where lithium tertiary butoxide was used in a 0.3
mole percent concentration instead of a 1.0 mole percent
concentration, polybromal wzs obtained in 6% yield. If the
initiator and bromal were mixed in the sealed tube at 25°C
very little polymer was isolated. At the higher tempera-
ture some side reaction took place.
62. Polymerization of Bromal with Pyridine
.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (4.0 ml., 40 mmole) was added
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with a dry syringe. Pyridine (0.8 ml. of a 1M solution in
toluene 0.8 mmole, 2 mole percent) was then added. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 mm
pressure, and then allowed to come to room temperature. The
tube was shaken to mix the reactants thoroughly and was then
placed in a dry ice/acetone bath at
-78°C for 72 hours.
After cutting the tube into 1 inch sections the polymer was
transferred to an Erlenmeyer flask containing acetic
anhydride (40 ml.) and acetone (40 ml.), and stored in the
refrigerator for 8 hours at
-10°C. The polymer was isolated
soaked in acetone for 16 hours, collected on a M fritted
funnel (10-15 u)
,
and dried, Polybromal was obtained as
small colorless translucent chunks (3.89 g, 47% yield).
This experiment was repeated using 2.5 mol % pyridine 1.0
mole % pyridine, 5.0 mole % pyridine and 2.0 mole % pyri-
dine again. The yields obtained were 46.3%, 44%, 42.6%,
and 52%. in two experiments the initiator concentration
was 0.5 mole percent but no polymer was isolated. A cer-
tain minimum initiator concentration was required for a
successful polymerizatiob of bromal with pyridine. If the
diluent toluene was not present the bromal crystallized at
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a temperature that was well above the polymerization
threshold temperatures. If 1M methyl cyclohexane or n-
hexane solutions of pyridine were used, the bromal crystal-
lized out of solution and not polymerize. In addition,
very little polymer was obtained if the order of addition
above was reversed. If the pyridine was added before the
toluene the initiator could not be dispersed evenly through-
out the bromal. Large concentrations of pyridine in contact
with bromal apparently caused a side reaction. Finally, it
was absolutely necessary to use freshly distilled bromal in
a tube sealed under vacuum for a successful polymerization.
An infrared spectrum of polybromal showed absorptions
at 2938 cm" 1 (m) (C-H stretch); 1358 cm' 1 (w) , 1339 cm-1 (m),
1300 cm" 1 (s) (C-H bending); 1048 cm" 1 (vs) , 1021 cm" 1 (s)
,
910 cm" 1 (vs), 1086 cm" 1 (vs) (C-0 stretching), 772 cm" 1 (s),
740 cm" 1 (s), 712 cm" 1 (vs) (C-Br stretching), 535 cm' 1 (m)
.
Anal. Calcd. for C 2HBr 30: 8.59%; H, 0.36%; Br, 85.37%.
Found: c, 8.85%, H, 0.42%, Br. 85.11%.
63. Polymerization of Bromal with Trifluoromethane
Sulfonic Acid .
To a polymerization tube was added Bromal (8 ml, 78
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mmol), dichloromethane (8 ml.) and trifluoromethane-
sulfonic acid (0.1 ml) at 25°C. The stopcock was closed
and the polymerization tube was placed in a
-78°C bath for
two weeks. At the end of two weeks a white solid had col-
lected at the bottom of the tube. The tube was removed
from the cold bath and placed in a refrigerator at
-22°C.
for one additional week. No visible change took place dur-
ing this week. The tube was removed from the refrigerator
and opened. Hexane (5 ml) was added but no solid material
precipitated. The solid product was collected, washed with
cold acetone (30 ml.) and dried. Polybromal was obtained
as a white powder (0.57 g, 3% yield). The infrared spectrum
could be superimposed on previously described spectra for
polybromal. No hydroxyl absorption was observed in the
3200-3600 cm" 1 region in a nujol mull of this sample.
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Q. COPOLYMERIZATION OF BROMAL
64. A 12 inch long (10 mm I. D
.) Pyrex tube was prepared
according to Procedure #9, and freshly distilled p-
methylphenylisocyanate (2.0 ml, 8 mmole) and toluene (0.3
1) were added with a dry syringe. T*e tube was shaken and
then pyridine (0.3 .1 of a 1M solution in toluene 0.3 mmole,
2 mole %) was added. The tube was inserted in a liquid
nitrogen bath, sealed at 0.1 mm pressure, and then allowed
to come to room temperature; it was shaken and then placed
in a dry ice/acetone bath at
-78°C. and was not disturbed.
The tube was allowed to warm to room temperature, cut open;
and a light yellow syrup was isolated and placed in acetone
(15 ml.) in a 50 ml beaker. After 20 minutes stirring a
light yellow precipitate had formed and some of the color
was extracted by the acetone. Hexane (15 ml.) was added
and a very slight amount of additional material separated
out. The product was collected, washed with hexane (50 ml.)
and dried. The product was extracted in acetone (20 ml.)
for 12 hours, filtered and dried. The infrared spectrum
of this polymer contained an absorption due to trapped p-
methylphenylisocyanate and was further washed and finally
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dried in the Abderhalden overnight at 0.1 mm. The bromal-
p-methylphenylisocyanate copolymer was obtained as a light
buff powder (2.95 g, 48% yield). An infrared spectrum
(KBr) showed absorptions at 2940 cm"! (m) (C-H stretching);
1730 cm" 1 (m) (C-0 stretching
, urethane)
; 1595 cm" 1 (m)
,
1504 cm-1 (s) (Phenyl); 1370 cm'l (w) ; 1343 cm"! (m)
,
1305
cm" 1 (s) (C-H bending); 1100 cm" 1 (vs)
, 1061 cm"! (vs)
,
1040 cm'l (s), 950 cm"! (vs) (C-0 stretching); 780 cm"! (m)
,
758 cm" 1 (s), 719 cm" 1 (vs) (C-Br stretching), 805 cm'l (w)
(parasubstituted phenyl). This experiment was repeated ex-
cept that in this run the p-methylphenylisocyanate was not
freshly distilled and the bromal had stood in the refriger-
ator for several hours after distillation. The yield of
copolymer was 2.10 g, 34% before extraction with chloroform.
Fractions of polymer rich in isocyanate content were removed
by the chloroform extraction according to intensities of the
urethane band in the infrared spectra. Anal, for N: Before
chloroform extraction, 1.15%, after chloroform extraction
0.98%.
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'
CoP°ly™eri2ation of Broma! „ith n-MvH,^^
A 12 inch long (12 mm I.D.) pyrex tube was prepared
according to Procedure #9.
To a mixture of freshly distilled bromal (5.0 ml, 50
mmole) and n-butylisocyanate (5.0 ml, 50 mmole) was added
pyridine (0.05 ml, 0.6 mmole, L2mole %) and toluene (2 ml)
with a dry syringe. The tube was inserted in a liquid
nitrogen bath, sealed at 0.1 mm pressure, and then allowed
to come to room temperature, shaken to mix the reactants
and then placed in a dry ice-acetone bath at
-78°C for 72
hours and left in a quiescent state. The tube was removed
from the bath and was allowed to warm to room temperature.
The tube was opened and the reaction product, an inhomo-
geneous looking tough gel., was removed and placed in
acetone (35 ml.). The solid material was collected on a
M (10-15 u) fritted filter. No solid material
separated out upon addition of hexane (10 ml.) to the fil-
trate. After dryingjthe bromal-n-butylisocyanate copolyme:
was obtained as light yellow granulates (8.76 g, 48.4%).
The infrared spectrum showed absorptions at 2940 cm" 1 (m)
,
(C-H stretch); 1730 cm" 1 (m) (C-0 stretching, urethane)
;
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1370 cnfl (w); 1343 cm"* (m), 1305 cnfl (s) (C .H bending);
1100 cm-1 (vs)j 1Q61 cm-! (vs)j io4Q ^ ^ ^
CCO stretching); 789 cm"! (m), 758 cm"! (s), 719 cm"! (vs)
(C-Br stretching). Anal, for N: 0.45%. This corresponds
to about 7% isocyanate in the polymer.
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' Copolymerization of Bromal and Phenyl T^n^
with Pyridine (10% isocvanate in feedT"
A 12 inch long (10 mm I. D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (2 ml., 20 mmole)
,
phenyl-
isocyanate (0.2 ml, 2 mmole) and pyridine (0.4 ml of 1M
solution in toluene 0.4 mmole, 2 mole %) were added with
dry syringes
.
The tube was inserted in a liquid nitrogen bath,
sealed at 0.1 mm pressure, and then allowed to come to room
temperature. The tube was shaken and was then placed in a
dry ice-acetone bath at
-78°C for 5 days. After 12 hours a
gel had formed but the tube was allowed to remain at
-78°C
to complete the reaction. The tube was allowed to warm to
room temperature, opened and a red, hard gel was removed
and placed in a 50 ml. beaker with acetone (20 ml). The
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solid pieces of polymer were stirred; after 30 minutes,
petroleum ether (15 ml.) was added, stirring was continued.
No additional material separated out. The product was col-
lected on a M fritted funnel (10-15 u) and dried. The
bromal-phenylisocyanate copolymer was obtained as slightly
buff-white cylinders (3.11 g, 53% yield). (In a separate
experiment which was identical to this one except that 1
drop of pure pyridine was added directly to the monomer
mixture, a 50.4% yield was obtained.) A considerable quantity
of material precipitated from the acetone solution with
petroleum ether. Both fractions were dried. The fraction
which was initially soluble in acetone was no longer soluble
in acetone after precipitation and solvent removal. Yield:
2.07 g, 38% insoluble, 0.65 g, 12.1% "soluble". The in-
frared spectrum showed absorptions at (for all three co-
polymers) 304 cm (w) (C-H stretching, aromatic); 2940
cm-1 (m) (C-H stretching, acetal); 1730 cm" 1 (vs) (C-0
stretching, urethane) ; 1610 cm" 1 (m) , 1601 cm" 1 (m) , 1522
cm" 1 (w), 1495 cm" 1 (s) , 1490 cm" 1 (m) , 1440 cm" 1 (w) , 1419
cm" 1 (aromatic, phenyl absorptions; 1370 cm" 1 (w) , 1350 cm"1
(m)_, 1095 cm" 1 (vs), 1050 cm" 1 (vs), 940 cm" 1 (vs), 805
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cm' 1 (w), 782 cm" 1 (m) , 760 cm" 1 (s ) , 721 cm" 1 ( s ), 697
cm"
1
( S ). Anal, for N: 0.77%. This corresponds to 9%
isocyanate in the copolymer.
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•
Preparation of Bromal-Phenylisocvanate. 1:1 Copnl™^
A 12 inch long (12 mm I. D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled phenylisocyanate (3.1 ml., 3 mmole)
and then freshly distilled bromal (3.0 ml., 3 mmole) was
added by dry syringe. Pyridine (0.6 ml. of a 1.0 molar sol-
ution in toluene, 0.6 mmole or 3 mole percent) was then
added carefully as a layer with minimal mixing. The tube
was inserted in a liquid nitrogen bath, sealed at 0.1 mm
pressure, removed from the cooling bath and allowed to warm
to room temperature, shaken thoroughly and then placed in a
dry ice-Isopropyl alcohol bath at
-78°C for 96 hours. After
96 hours the tube was removed from the bath and was allowed
to warm to room temperature. The tube was opened and a red
wax was isolated and placed in acetone (30 ml.). The wax
completely dissolved and gave a viscous solution. Hexane
(75 ml.) was added to precipitate the polymer and the mixture
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was stirred for 5 minutes. The product was collected on a
fritted filter and dried. The phenylisocyanate-bromal 1 : 1
copolymer was obtained as a yellow powder (6.24 g, 74%
yield). An infrared spectrum (KBr) showed absorptions at
3040 cm-1 (aromatic C-H stretching), 2930 cm-1 (C-H stretch-
ing acetal); 1740 cm" 1 (vs) (Carbonyl stretch), 1595 cnf*
(m) (monosubstituted phenyl), 1495 cm"* (m) monosubstituted
Phenyl), 1372 «fl (w ) , 1320 cnT* (s)
, 1270 cm"* (vs), 1245
cm" 1 (s), 1100 cm" 1 (s), 970-1005 (m, b)
, 800 cm"; (w)
, 750
cm" 3- (s)> 1?30 cm-i (s)j 68Q ^ (vg) ^ ^ ^ spectrum
(CDC1 3 ) shows a broad peak at 6.5 -7.1 (S= TMS) . Anal. Calcd.
for C8H6N02 : N, 3.42%; found, N, 3.61%, 3.02%.
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R. ATTEMPTED POLYMERIZATION OF BROMAL
68
*
^erupted Polymerization of Bromal with TWph^y..
phosphine. " ~ * '
A 12 inch long (10 mm I.D.) Pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (2.0 ml., 20 mmole) was added
with a dry syringe; triphenylphosphine (0 .4 ml . of a 0 . 3 M
solution in cyclohexane, 0.12 mmole, 0.6 mole percent) was
added and toluene (0.2 ml) was also added. The tube was
inserted in a liquid nitrogen bath, sealed at 0.1 mm pres-
sure, and then allowed to come to room temperature, shaken,
and was then placed in a dry ice-Isopropyl alcohol bath for
72 hours. At the end of this time the tube was removed and
inspected. No solid material was visible after an addi-
tional 72 hours at
-78°C.
The experiment was repeated with a 1 mole percent con-
centration of triphenylphosphine. 1 But again no polymer
was isolated.
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.
Attempted Polymerization of Bromal with
Triethyl-aluminum
.
"
A 12 inch long (10 mm I.D.) pyrex tube was prepared
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according to Procedure #9.
Freshly distilled bromal (2.0 ml., 20 mmole) was added
with a dry syringe followed by triethylaluminum (0.13 ml. of
a 1.0 M solution in hexane, 0.12 mmole, 0.6 mole percent)
was added and toluene (0.2 ml.). The tube was inserted in
a liquid nitrogen bath, sealed at 0.1 mm pressure, and then
allowed to come to room temperature. The tube was shaken
and then placed in a dry ice-isopropyl alcohol bath for 72
hours. No solid material had precipitated nor could there
be any material precipitated from the solution.
The experiment was repeated with a 1 mole percent con-
centration of triethylaluminum, but no polymer or other
solid material was found.
70. Attempted Polymerization of Bromal with Tri-n-
butylphosphine
.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to the Procedure #9.
Freshly distilled bromal (2.0 ml., 20 mmole), tri-n-
butylphosphine (0.4 ml. of a 0.3 M solution in toluene,
0.12 mmole, 0.6 mole percent) and toluene (0.2 ml.) were
added and the reactants mixed thoroughly. The tube sealed
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at 0.1 mm pressure and was then placed in a dry ice-iso-
propyl alcohol bath for 72 hours. No solid material was
visible and no product could be isolated by precipitation
from the liquid.
The experiment was repeated with a 1 mole percent
concetration of tri-n-butyl-phosphine but no polymer was
found
.
71. Attempted Polymerization of Bromal with Antimony
Pentachloride
.
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (2.0 ml., 20 mmole) was added
with a dry syringe (12 inch needle). Care was taken to
prevent the aldehyde from contaminating the top half of the
tube, antimony pentachloride (0.4 ml. of a 0.3 M solution
in dichloromethane, 0.12 mmole, 0.6 mole percent) and dich-
lorometnane (0.2 ml.) were sealed and placed for one week
in a -78°C. No solid material could be isolated.
72 . Attempted Polymerization of Bromal with
Phosphorous Pentachloride .
A 12 inch long (10 mm I.D.) pyrex tube was prepared
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according to Procedure #9.
Freshly distilled bromal (2.0 Bl
. f 20 mmole) phosphorous
pentachloride (0.4 ml. of a 0.3 M solution in dichloro-
methane, 0.12 mmole, 0.6 mole percent) and toluene (0.2 ml.)
were sealed and placed in a
-78°C bath for one week. No
solid material was isolated after that time.
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•
Attempted Copolymerizat ion of Bromal and
Acrylonitrile
.
"
A 12 inch long (10 mm I.D.) pyrex tube was prepared
according to Procedure #9.
Freshly distilled bromal (2.0 ml., 20 mmole) and dry
acrylonitrile (0.3 ml., 6 mmole) and pyridine (0.4 ml. of
a 1M solution in toluene 0.4 mmole, 2 mole percent) were
added by syringe and were sealed and placed for 72 hours in
a
-78°C bath. A white powdery material was noticed in the
tube. The product was removed from the tube was placed in
acetone (20 ml.). The insoluble solid was collected by
filtration, rinsed with more acetone (50 ml.), methanol
(20 ml.), and Skelly F (20 ml.), and dried. An infrared
spectrum of this solid could be superimposed on previous
spectra for polybromal. No nitrile band was visible.
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Evaporation of the filtrates fro, the workup yielded only
bromal hydrate. Polybromal was obtained as a white powder
(1177 g, 31% yield).
:
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*
Attempted Copolymer ization of Bromal and Trioxane .
An 8 inch test tube was dried. Freshly recrystallized
trioxane (3.0 g, 0.033 mole) was placed in the tube, fol-
lowed by freshly distilled bromal (28 g, 0.1 mole) and
antimony pentachloride (0. 1 ml. of a 0.3 M solution in
dichloromethane) was added with a dry syringe. The test
tube was lowered into an oil bath of 35°C when reaction
took place. After one hour the tube was removed from the
oil bath and allowed to cool to room temperature. The tube
was opened and dichloromethane (15 ml.) was added. The
solid product was isolated and dried in a nitrogen stream.
An infrared spectrum of the dry product could be superim-
posed on a spectrum of polyoxymethylene which was obtained
(2.69 g, 88% yield) as a white powder.
The filtrate from the test tube was poured into Skelly
F. No additional solid material was isolated upon attempted
precipitation
.
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-
^gy^
A 12 inch long (15 mm I.D. ) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled chloral (8 ml., 80 mmole) bromal (8
ml. 80 mmole) and 1.6 ml. of CF3SO3H sdution (1M solution
of CH3SO3H in dichloronnethane, 1.6 mmole 2.0 mole %) were I
added with dry syringes. The tube was inserted in a liquid ni
trogen bath sealed at 0.1 mm, removed from the cooling bath
and allowed to come to room temperature. The tube was
shaken thoroughly and then placed in a dry-ice chloroben-
zene/slush bath at
-45°C for 1 week. The tube was then
warmed to room temperature and the solid product was col-
lected on a fritted funnel, washed with acetone (30 ml.) and
dried under nitrogen. The product was extracted with ace-
tone for 24 hours in a Soxhlet apparatus, air dried, and
dried in a vacuum desiccator for 24 hours. An infrared
spectrum of this white powder (2.40 g, 15% yield) had an
infrared spectrum which could be superimposed on previous
spectra for polychloral. Analysis for Bromine indicated
that this element was not present.
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S. CHARACTERIZATION OF BROMAL POLYMERIZATIONS
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•
Visual Ceiling Temperature Determination for
Bromal in Toluene with Pyridine
.
Four six inch test tubes were washed in IN HC1, rinsed
with distilled water four times and dried for 72 hours at
120°C. One tube was removed from the oven and quickly
closed with a serum cap. A syringe needle (#17, 8" long)
connected to a source of dry nitrogen was inserted through
the serum cap and a second syringe (#17, 2" long) was also
inserted as a nitrogen outlet. The test tube was purged
with nitrogen for 10 minutes and then freshly distilled
bromal (3.0 ml., 30 mmole) was added by dry syringe while
the flow of dry nitrogen was maintained. The lower half of
the test tube was then heated in an oil bath to 50°C.
Toluene (2.7 ml.) and pyridine (0.3 ml. of a 1M solution
in toluene 0.3 mmole, 1 mole %) were added by dry syringe.
The tube was agitated and placed in an isopropyl alcohol
bath at 25°C. The bath was allowed to cool at 2°C per min-
ute while being stirred. Small pieces of dry ice were
added while the bath was stirred rapidly. At 52°C a slight
cloudiness was observed in the test tube. Addition of dry
ice was continued until the temperature reached -75°C. The
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test tube was removed from the cold bath and a self support
ing gel was observed in the tube. The cloud point at
-50°C
was recorded as the polymerization temperature of a 5 molar
monomer concentration.
In the second test tube freshly distilled bromal (3.0
ml., 30 mrnole) and pyridine (0.3 ml. of a 1M solution in
toluene, 0.3 mrnole, 1 mole percent) were added with dry
syringes, were agitated and placed in an isopropyl alcohol
bath at 25°C. The bath was cooled at 2°C per minute and
stirred rapidly. At
-37°C a cloudiness was observed. Addi.
tion of dry ice was continued until the temperature reached
-75°C. The tube was removed from the bath and the tube was
broken. An opaque plug of polymer was removed. The
threshold temperature was recorded as
-35°C for a 9 molar
solution of the aldehyde in toluene.
The experiment was repeated using exactly the same
procedure. The threshold temperatures for a 6 M solution
of monomer and a 7.5 M solution of monomer in toluene was
determined to be
-52°C. ± 5°C.
-43°C. * 5 C. respectively.
The tubes were opened and dichloromethane (15 ml.) was
added. The solid products were isolated and dried in a
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nitrogen stream. An infrared spectrum of each of the dry
products could be superimposed on a spectrum of polybromal.
The cloud temperatures were recorded and on a plot of 1/T
cloud vs log [M] a 1 m ceiling temperature of
-75°c ± 5oc
was determined by extrapolation.
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*
Instrumen tal Ceiling Temperature Determinati onfor Bromal in Toluene with Pyridine
.
Four polymerization tubes were washed in IN HC1,
rinsed with distilled water four times and dried for 72
hours at 120°C. One tube was removed from the oven. A
syringe needle (#17, 8" long) connected to a source of dry
nitrogen was inserted. The test tube was purged with
nitrogen for 10 minutes and then freshly distilled bromal
(3.0 ml., 30 mmole) was added by dry syringe. The lower
half of the test tube was cooled in liquid nitrogen. Toluene
(2.7 ml.) and pyridine (0.3 ml. of a 3M solution in toluene
0.9 mmole, 3 mole %) were added by dry syringe. The tube
was sealed, and placed in an isopropyl alcohol bath at 25°C
and agitated. The bath was allowed to cool at 2°C. per
minute while being stirred. Cold nitrogen gas was passed
through a copper coil in the bath while the bath was
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stirred rapidly. The intensity of a beam of light passing
through the sample tube was recorded. The tube was re-
moved from the cold bath and a self supporting gel was ob-
served in the tube. The temperature at which the intensity
of transmitted light began to decrease was recorded as
polymerization temperature of 8.3 molar monomer concen-
tration.
In the second tube freshly distilled bromal (3.0 ml.,
30 mmole) and pyridine (1.5 ml. of a 0.6M solution in toluene
0.9 mmole, 3 mole percent) were added by dry syringe, the
tube was sealed, agitated, and placed in an isopropyl
alcohol bath at 25°C. The bath was cooled at 1°C per min-
ute and stirred rapidly and the intensity of light trans-
mitted was recorded. Stirring was halted during each read-
ing. The tube was removed from the bath and the tube was
broken. An opaque plug of polymer was removed. The
threshold temperature was recorded as
-41°C for a 6.7 molar
solution of the aldehyde in toluene determined as the point
where the transmitted light intensity began to decrease
rapidly.
The experiment was repeated using exactly the same
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procedure. The threshold temperatures for a 5.0 M solution
of monomer in toluene was determined to be
-50°C - 3°C.
78
* Polymerization Rate of Bromal at
-78°C bv nmt?
A NMR tube was prepared for the experiment according
to a consistent cleaning procedure. The NMR tube was
soaked in soap solution for 2 days, rinsed repeatedly with
distilled water, washed with a dilute (IN) HN03 , rinsed
again repeatedly with distilled water and finally dried at
120 C°for 72 hours. A 6 inch test tube was cleaned the
same way and was dried at 120°C for 72 hours.
The test tube was removed from the oven and very
quickly, a serum cap was placed over the open end, firmly
attached with copper wire so that the serum cap would not
accidentally slip off when a syringe needle was inserted
through it. A syringe needle (#17, 5 inch) connected to a
source of dry nitrogen was inserted through the serum cap
and a second syringe needle (#17, 2 inch) was inserted as
a nitrogen outlet. The test tube was clamped in a vertical
position and the nitrogen flow was started. The tube was
purged for 5 minutes and was heated with an air gun. It
was allowed to cool to room temperature while a flow of
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nitrogen was maintained, and was then lowered into an oil
bath maintained at 50OC
. Freshly distilled bromal (3 ml.,
30 mmole) was added with a dry syringe through the serum
'
camp and the temperature inside the test tube was allowed
to reach 50oC in five minutes. Pyridine (0.6 ml. of a 1M
solution in toluene, 2 mole percent, 0.6 mmole) was added
with a dry syringe and the tube was agitated until mixing
was complete. The NMR tube was removed from the oven,
clamped in a vertical position andpurged with dry nitrogen
by means of a syringe needle (8 inch, #20) for 3 minutes.
The NMR tube was placed in the 25°C oil bath to a depth of
3 minutes. The initiated solution was then transferred
from the test tube with a dry syringe to the NMR tube so
that 2-1/2 inches of the NMR tube were filled with initiated
monomer. The syringe needle connected to the nitrogen was
removed and very quickly the NMR tube was closed with a
pressure cap and the top of the NMR tube was wrapped with
parafilm. The NMR tube was removed from the 25°C bath,
wiped off and the zero time aldehyde proton ( § = 8.9) in-
tensity was recorded. The methyl group resonance of the
toluene was used as an internal standard. The NMR tube
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was removed fro* the
-78°C bath after 2, 5> 10> 20, 40, 60,
120, and 360 minutes and the aldehyde peak intensity was
determined together with the toluene methyl peak. The NMR
tube was kept at the ,78°C for 72 hours and a final alde-
hyde peak intensity was determined to obtain a final con-
version. The polymerization was essentially complete in
1 hour.
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'
Vacuum Degradation of Polybromal Obtain^ bBr3CCH0 and Pyridin^ " "
A 16 inch long pyrex tube (12 mm. I.D.) was bent into
a U shape. One end of the U-tube was sealed and powdery
polybromal (1.0 g) was placed in the U-tube. The tube was
sealed on the other end at 0.1 mm pressure and the U-tube
was placed in a liquid nitrogen bath and the other end,
containing the polymer, in a silicone oil bath maintained
at 180°C. for 30 minutes. At the end of this time a color-
less solid had collected in the cold end of the U-tube. No
residue or char remained in the hot end of the U-tube. The
solorless solid was allowed to melt and the tube opened. A
sample of the colorless liquid was drawn out with a 10
microleter syringe and immediately injected into a gas
166
chromatograph
.
The remainder of the colorless liquid was
poured into a tared screw cap bottle (0.97 g or 97%). The
analysis by gas chromatography (36% Di-isodecyl phthalate
on chromasorb W) indicated that the colorless liquid was
97% monomeric bromal. An infrared spectrum of the color-
less liquid could be nearly superimposed on previous spectra
for the monomer.
Reproducable results were obtained when the polymer
was ground in a mortar and pestle to a fine particle size
prior to the experiment.
80. Stabilization of Polybromal by Treatment with PCI5
.
To a dry 125 ml. flask which was being slowly purged
with dry nitrogen was added polybromal (3.0 g) and PC15
(60 ml. of a 1M solution in CCI4) . A reflux condenser was
connected to the flask and the flask was heated to reflux
with an oil bath for 2 hours . The flask was allowed to
cool, the product was collected on a sintered funnel,
rinsed with CCI4 (50 ml.) and dried under nitrogen (2.88 g,
96% yield). The product was washed with methanol (50 ml.)
and then dried in a vacuum desiccator for 14 hours. An
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infrared spectrum of the product could be superimposed on
previous polybromal spectra. A TGA of this product indi-
cated that the thermal stability was increased by this
treatment
.
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• Solubility Tests for Bromal Homopolymers
.
In each of 10 dry Erlenmeyer flasks with ground glass
joints were placed 1 gram of the polymer to be tested. The
solvents acetone, dichloromethane
,
nitrobenzene, dimethyl
sulfoxide, trifluoroacetic acid, hexafluoroisopropanol,
o-chlorophenol, chloroform, and toluene were added succes-
sively to each test tube by syringe and the tubes were
closed with ground glass stoppers. The flasks were allowed
to stand for 72 hours at 25°C. The solid materials remain-
ing after 72 hours were collected and the PMR spectrum of
each filtrate was taken to detect the presence of soluble
polymer. The PMR spectra showed solvent peaks, and in some
cases small peaks corresponding to the proton in bromal and
the hydrate of this aldehyde. These were the only peaks
observed. The acetone, toluene, chloroform and dichloro-
methane filtrates were evaporated and in every case a trace
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of solid refined which was the hydrate of brons*. The
diethyl sulfoxide, trifluoroacetic ac - d> hexafluQro .
isopropanol and nitrobenzene filtrates m^j.j.j.crate were concentrated
and then removed completely at reduced pressure. No resi .
due refined behind after complete solvent removal.
The solubility tests were repeated employing mixed
solvent systems:
acetone/dichloromethane/toluene; dimethyl
sulfoxide/benzene; nitrobenzene
- o-dichlorobenzene.
Polychloral samples were also tested for solubilities in
these solvent combinations for comparison. No solid mater-
ial, neither polychloral nor polybromal could be isolated
from the filtrates after the polymers had been exposed for
72 hours to these solvent mixtures.
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product was washed with petroleum ether (200 ml.), removed
from the filter and soaked in petroleum ether (200 ml.)
for 24 hours, collected on a sintered glass funnel and air
dried. The product was obtained as a fine white powder
(2.09 g, 41% yield). The filtrates were evaporated and
the solid residue isolated was identified as aldehyde hy-
drate. No polychloral and no oligomers of DCBA were
detected. The fine white powder was tested for solubility
in 10 solvents according to the procedure described in
Experiment #36. This powder was insoluble in all solvents
including DMSO. The o-chlorophenol severely swelled the
powder and formed a paste which was a suspension and not
a solution. The infrared spectrum of the product could be
superimposed on previous spectra for polybromodichloroacet-
aldehyde.
84. Reaction of Chloral and Epichlorohydrin (4,5) .
A large test tube (50 ccm.) which was flamed out and
cooled under dry nitrogen was fitted with a serum cap
through which two hypodermic needles were inserted. One
of them was connected to the nitrogen line and was long
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enough to reach to the bottom of the test tube, the other
served as a nitrogen exit. The test tube was flushed with
nitrogen and is then immersed in an oil bath at 70°C.
Freshly distilled chloral (10 ml., 0.1 mole) and epichloro-
hydrin (1.0 ml., 0.1 mole) were added through the serum
camp with dry syringes.
After five minutes the temperature of the monomers
reached the oil bath temperature and 0.2 ml. of a tri-
phenylphosphine solution (1.0 molar in toluene) was in-
jected with a hypodermic syringe. The slightly red
solution was shaken until a homogeneous solution was
obtained.
The initiated monomers were transferred with a warm
hypodermic syringe into an assembly which consisted of two
glass plates separated by a 0.1 mm. spacer (LYCRA). The
assembly was filled from the top with initiated monomer
and immediately immersed into an ice water bath and held in
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the bath at 0° for 1 hour. The plates were separated, the
polymer film was removed, rinsed with acetone and dried
under reduced pressure at 100°C for 12 hours. The yield of
product was 83% and was a clear tough film. An infrared
spectrum (film) showed absorptions at 3030cm" 1 (m) (C-H
stretch); 3000 cm" 1 (w) ; 2945 cm" 1 (m) (C-H stretch); 1461
cm-1 (w); 1420 cm-1 (s); 1385 cm-1 (w) ; 1360 cm-1 (rn)
(E-H bending); 1325 cm-1 (s) (C-H bending); 1181 cm-1 (s)
;
1163 cm-1 (ra); 1122 cm" 1 (vs) (C-0 stretching); 1085 cm" 1
(vs) (C-0 stretching); 1070 cm" 1 (vs) (C-0 stretching);
1028 cm" 1 (m); 975 cm" 1 (vs) (C-0 stretching); 842 cm" 1
(vs) (C-C stretching and C-Cl stretching); 830 cm" 1 (vs)
(C-C and C-Cl stretching); 745 cm" 1 (m) ; 700 cm" 1 (vs)
;
680 cm" 1 (s); 646 cm" 1 (vs)
.
85 . Degradation of Polychloral by Piperidine in
Dichlorome thane .
A section of a polychloral film (1.716 g) was covered
with dichloromethane (50 ml.) and piperidine (0.1 ml.) in
a stoppered flask. At the end of 12 hours the film was
removed, rinsed with CH2CI2 (50 ml.) and dried in an Aber-
halden at reduced pressure for 16 hours until a constant
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weight of 0.858 grams was recorded. The film was treated
again with piperidine (o.l ml.) and dichloromethane (50 ml
for 12 hours, rinsed with CH2C12 , and dried to a constant
weight of 0.850 g. The percent weight loss for this sampl
prepared with pyridine initiation was 50.3%. A similar
degradation experiment on a polychloral sample prepared
with triphenylphosphine initiation indicated at 49.3% loss
of weight. A sample of polychloral prepared with H2S04
initiation showed a 77% loss in weight after 12 hours ex-
posure to the piperidine solution.
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The Reaction of Chlorodibromoacetaldehyde with
Triethyl Aluminum
.
A 12 inch long (10 mm. I.D.) pyrex tube was prepared
as described in Experiment #9.
Freshly distilled chlorodibromoacetaldehyde (2.0 ml.,
2 rnmole) teiethyl aluminum (0.1 ml. of a 1M solution in
hexane, 0.1 rnmole or 0.5 mole percent) and methyl cyclo-
hexane (0.5 ml.) were added with dry syringes into this
tube. The tube was inserted into a liquid nitrogen bath,
sealed at 0.1 mm pressure, removed from the bath for 1
minute, and then placed in a -45°C bath for 5 minutes.
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The tube was removed from the bath, shaken, and quickly
replaced in the bath. The tube was kept in the bath at
-45°C for 24 hours and was inspected. A small quantity of
white material was visible at the top of the liquid. After
an additional 48 hours in the
-45°C bath the tube was al-
lowed to warm to room temperature. A white solid was pre-
sent and no liquid monomer was visible. The tube was
opened and was cut into sections. A tough porcelainlike
solid was removed and divided into two parts. The first
part was placed in hexane (25 ml) and stirred for 15 min-
utes. The solid was collected and dried. The hexane was
evaporated and gave small column shaped colorless crystals
which had a sharp melting point at 53°-54°C.
The second part was dissolved in toluene (25 ml.) and
was precipitated with hexane (30 ml.) and was stirred for
ten minutes. The crystals were collected and dried. They
had a melting point of 53°-54°C. This compound proved to
be 2,2-dibromo-2-chloroethyl-dibromochloroacetate, as
colorless needles (4.28 g, 94% yield) m.p. 53°- 54°C. The
infrared spectrum (KBr) showed absorptions at 2955 cm" 1
(m) (C-H stretch), 1758 cm" 1 (vs) (C=0 stretch), 1358 cm-1
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Cm), 1260 cm" 1 (.), 1199 Cffl-1 (vs) (C .Q stretch)
? mQ
cm"
1
(m), 1004 cm" 1 (s ), 900 cm" 1 (w), 800-815 cm" 1 (s ),
758 cm" 1 (w), 732 cm" 1 (m), 673 cnfl (m)
. Anal> alfid/
for C4H2Br4Cl202 : C, 10.17%; H, 0.42%; CI, 15.01%; Br,
67.66%. Found, C, 10.02%; H, 0.65%; CI, 14.70%; Br,
67.10%. A PMR spectrum showed: 5.0 PPM singlet(6 TMS)
.
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The Reaction of Chloral, Pivalo lacton e and
Tributylphosphine
.
'
The procedure for the reaction of chloral and pivalo-
lactone copolymer was essentially the same as a preparation
of the chloral homopolymer. A dry test tube, closed with
a serum cap, was filled with 10 ml (15 gm., 0.1 moles) of
freshly distilled chloral and 10 ml. of freshly distilled
pivalo lactone phenyl isocyanate. The mixture was heated
in an oil bath at 70°C until the temperature of the mixture
reached the oil bath temperature, 0.2 ml. of a molar solu-
tion of tributylphosphone in benzene was added with a
hypodermic syringe. The initiated comonomer mixture was
agitated and then cooled to 0°C in an ice water bath for
1 hour. The tube was opened and a plus of product was
taped out. The plug was extracted for 24 hours in acetone
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in soxhlet extractor and dried at reduced pressure yield
at 18.76% g. An infrared spectrum showed absorptions at:
2980 cm" 1 (m), 2950 cm" 1 (m ) , 2895 cm" 1 (w)
, 1723 cm" 1 (vs)
1477 cm" 1 (m), 1382 cm" 1 (m ) , 1359 cm" 1 (s) , 1320 cm" 1 (vs)
1260 cm- 1 (m), 1228 cm" 1 (s, b)
, 1183 cm" 1 (s), 1160 cm"!
(s), 1122 cm" 1 (vs), 1068 cm" 1 (vs), 1083 cm" 1 (vs), 1030
cm" 1 (m), 968 cm" 1 (s
,
b)
, 858 cm" 1 (vs) , 840 cm" 1 (vs),
803 cm" 1 (vs), 780 cm" 1 (m) , 738 cm" 1 (w)
, 680 cnT 1 (m) .
Anal, for CI: CI = 42.86%.
RESULTS AND DISCUSSION
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PURPOSE
This work is undertaken to prepare polymer grade
bromodichloroacetaldehyde and chlorodibromoacetaldehyde,
to develop techniques for the polymerization of these two
aldehydes, to find new techniques for the purification and
possible polymerization of bromal itself, and to study the
influence of the side group size on the stereoregularity,
thermal stability, solubility, crystallinity
,
morphology
and transitions of the polymers obtained.
This work is also undertaken to prepare copolymers of
bromodichloroacetaldehyde, chlorodibromoacetaldehyde,
and bromal with chloral, with isocyanates and with other
monomers to study the influence of comonomer content on the
chemical and physical properties of the copolymers obtained.
Polychloral homopolymers and copolymers will be prepared as
standards for comparison of polymer properties.
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MONOMER SYNTHESIS AND PURIFICATION
1. Bromodichloroacetaldehyde (NDCA)
BDCA was successfully synthesized by two methods. The
first method consisted of a three step synthesis starting
with the reaction of chloral with triphenylphosphine
. The
final yield of aldehyde obtained by this method was 60%.
The second method was a bromination of dichloroacetaldehyde
diethyl acetal. This second method was much inferior in
yield of pure polymerization of grade monomer. Four other
methods for the synthesis of BDCA were attempted several
times but were not successful. The preparation of BDCA
from triphenylphosphine and chloral was the only procedure
actually used for the production of pure aldehyde for the
polymerization experiments in this work.
Synthesis of BDCA from Chloral and Triphenyl Phosphine
BDCA was synthesized by a Perkow reaction from Ph3P
and chloral, a bromination, and a hydrolysis which was
similar to the method of Hoffman and Diehr.^66 ^ The re-
action sequence produced pure aldehyde in an overall
repeatable yield of 60%.
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CH2C1 2 © H
CI3CCHO + Ph3P ^ Ph3p Q
I
m
Br
2
CI 3 95% yield
® Br
Ph 3P 0 c CC12 H20 BrCCl2CHO
HCI®
80%
Dr + Ph3P= 0
+ HC1 + HBr
60% overall yield
This reaction sequence was reported in a communication
with no experimental details and although the sequence was
reproducable the final yield of pure BDCA was poor unless
several precautions were taken. We carried out this syn-
thesis many times before the optimum experimental condi-
tions were determined.
1. Unless moisture was excluded during the first two
steps the phosphonium salts decomposed and the desired
products were not obtained. The chloral had to be freshly
distilled and all solvents rigorously dried, the reaction
flask and addition funnel were flamed out and maintained
under nitrogen during the first two steps.
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2. The rate of addition and the rate of stirring were
both important. Unless the chloral was added dropwise to
the rapidly stirred triphenylphosphine solution the chloral
accumulated and polychloral, rather than the phosphonium
salt, was formed. Unless the bromine was added slowly in
the second step so that the red color was discharged, a
side reaction took place and the yield of the dibrominated
phosphonium salt was considerably less. A good solvent for
these phosphonoum salts allowed better mixing and prevented
accumulations of chloral in step one and bromine in step
two. Dichloromethane was found to be superior to ether
and many other solvents which did not completely dissolve
the salts.
3. A solvent which was completely miscible with water
and which partially dissolved the phosphonium salt was
required for complete hydrolysis in step three. Dichloro-
methane and other solvents such as chloroform and carbon
tetrachloride were not satisfactory because hydrolysis
even in the presence of excess water was incomplete after
several hours of refluxing.
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4. The greatest difficulty involved the separation of
the BDCA from the product mixture in step three. It was
necessary first to remove all HC1 and HBr by refluxing the
solution for several hours and then to separate the aide-
hyde from the triphenylphosphine oxide. m most solvents
the hydrolysis of the phosphonium salt yield a gum of
triphenylphosphine oxide. Great difficulties were encount-
ered in separating the aldehyde from this gum. Dioxane,
however, was found to be an excellent solvent. Triphenyl-
phosphine oxide did not form a gum in dioxane and BDCA
could be cleanly separated.
The aldehyde was separated from the dioxane on a
spinning band column after refluxing for one hour over
P2O5. The BDCA was then distilled twice from phosphorous
pentoxide.
Synthesis of BDCA from Dichloroacetaldehyde Diethylacetal
An apparently simpler synthesis of BDCA from an acetal
and bromine was much inferior.
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?
Br2 H
C12CHC ~ (0 C2H5 ) 2 Cl2CBr- COC2H5 + C2H5 Br
OH I
H2 S04 4- I —>~ Cl 2CBr-CHO + C2H5OH2
The overall yield of aldehyde in this sequence was
about 30%.
The bromine was added dropwise to a stirred solution
of dichloroacetaldehyde diethylacetal at 100°C under a
nitrogen atmosphere at a rate that just allowed the red
color to be discharged. More rapid addition led to the
formation of side products. The progress of the reaction
was followed by NMR analysis of samples.
In the second step bromodichloroacetaldehyde mono-
ethyl acetal was decomposed to BDCA in the presence of
excess cold sulfuric acid. The aldehyde was separated
from the acid after five minutes and was treated with
CaC03 since the aldehyde formed side products. When the
aldehyde stood in a stoppered flask at room temperature
without being treated with Ca CO3 a solid polymer formed
within a few hours. The aldehyde was purified by repeated
distillation from powered phosphorous pentoxide and then
distillation on a spinning band column. In spite of the
repeated distillation several m
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inor undesirable impurities
always remained in the aldehyde.
Aliphatic carboxylic acid chlorides will react with
bromine in the presence of red phosphorous to form
-bromocarboxylic acids. The following sequence of re-
actions was considered for an alternative synthesis of
bromodichloroacetaldehyde. Bromine, dichloroacetyl
chloride and red phosphorous did not react to form bromo-
dichloroacetyl chloride at 100°-110°C.
Cl2CH(j-Cl+ red P
0 z
Cl2CBrC
CI
reducing
0 ^Cl2 P,rCCHO
agent
D
-
Attempted Synthesis of BDCA by Radical Bromination
The following two step synthesis of BDCA from methyl
dichloroacetate was attempted.
NBS reduction
HCCl2COOCH 3 P» BrCCl2COOCH3 BrCCl2CHO
Peroxide
or A1BN
LiAlH4
In one experiment N-bromosuccinimide was reacted with
HCCl2COOCH3 and in the other experiment molecular bromine
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was used. After prolonged heating of the ester in the
presence of benzoyl peroxide at reflux, under nitrogen, no
reaction Was observed. Perhaps the benzoyl peroxide was
not able to abstract a hydrogen radical from the carbon
atom of the ester. An analysis 0f the reaction mixtures
revealed that the ester had not reacted. Azobisisobu-
tyronitrile was substituted for the benzoyl peroxide as a
bromination catalyst. Methyl dichloroacetate failed to
react with bromine in the presence of A1BN.
E
-
attempted Synthesis of BDCA from Ch1.nl
Lithium Bromide ' " '
Alkanes monosubstituted with a halogen can be made to
undergo a halogen exchange in the presence of certain alka
li metal halides
.
(146)
KBr
RCH2C1 RCH2Br 507 vield
HOCH2CH2OH °
y 6
An attempt was made to apply this type of reaction to
chloral.
LiBr
CI3CCHO C12C BrCHO
Chloral was refluxed over lithium bromide for twenty-
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four hours under nitrogen but no reaction was observed
according to an analysis of the reaction products by gas
chromatography and NMR. Sodium bromide and potassium
bromide were also used under similar reaction conditions
but no halogen exchange was observed.
F
-
Attempted Synthesis of BDCA from Chloral and Bromal
The compounds 1, 2-dichloroethane and 1,2-dibromo-
ethane when mixed together were reported to form an equi-
librium mixture of 25% 1, 2-dichloroethane
, 25%, 1,2-
dibromoethane, and 50% 1,2-bromo ethane. (146 > An attempt
was made to exchange halogens between chloral and bromal
as illustrated in the following reaction:
CCI3CHO + CBr 3CH0 BrCCl2CH0 + Br2CCl CHO
+ Br3CCH0 + CCI3CHO
In the first experiment chloral and bromal were al-
lowed to stand in a stoppered flask for three weeks. An
analysis of the reaction mixture after this time, by gas
chromatography, revealed that no reaction had taken place.
In the second experiment the two aldehydes were exposed to
sunlight in a polyethylene bottle and in a closed
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Briefer fU,k
. The analysis by gas
_
red color formed during the solar irradiation
_
2
-
Chlorodibromoacetalrlqhvde (r.T)KA\
CDBA was obtained fn a qm/ ~l a 50/o derail yield from chloro-
acetaldehydediethyl acetal and bromine.
Br2 HClCH
2C-(OC9H,-)o ClBr crnr uz 2 5 y 2 ^-Liir2 C0C2H c- + C9HrBr
100°C / I 25
^/ OH
ClBr
2CCHO + C2H5OH
Bromine was added to rapidly stirred acetal at a rate that
just allowed the bromine color to be discharged. Chloro-
dibromoacetaldehyde mono-ethyl acetal was decomposed
thermally at 150°C to give CDBA and ethanol. The ethanol
was separated and collected during decomposition CDBA was
distilled at 150°C at 100 mm pressure and a nearly pure
product was obtained. The decomposition of the acetal and
separation of ethanol from CDBA was possible without the
use of H2S04 . After the ethanol and CDBA were separated,
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of the distillate was discarded and only the middle cut a
colorless liquid, was used for the polarization experi-
ments. Analysis by gas chromatography revealed that the
bromal contained less than 0.1% total impurities.
C
-
Monomer Characterization
The two monomers BDCA and CDBA were characterized by
elemental analysis, infrared spectra, nuclear magnetic
resonance spectra and by their physical constants. Each
of these characterization methods yields facts about these
monomers that were used in some of the conclusions of this
work. Chloral and bromal were also characterized by the
above methods and the four monomers are compared below.
!• Elemental Analysis
The chloral and bromal were commercial samples and
were used as standards for the elemental analyses. The
halogen analysis for chlorine and bromine in bromal,
chloral, bromodichloroacetaldehyde and CDBA was difficult
and were low at first. Satisfactory analyses for chlorine,
bromine, carbon and hydrogen were obtained and these
analyses are shown in Table 1 below.
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the aldeh.de was further purified on . spinning ^
coin™ followed by distillation from powdered phosphorous
pentoxide. An analysis by gas chromatography on polari-
zation grade monomer is shown in Appendix 3.
3
- Purification of Bromal
A commercial sample of bronal was 99% pure according
to analysis by gas chromatography. It had a red colQr
which was only partially discharged by cyclohexene. A
second red impurity was present. This red color persisted
in the monomer even after it had been distilled several
times from powdered phosphorous pentoxide. A purification
scheme was devised to remove the remaining impurities and
the color.
In the first step of the purification bromal was
heated over antimony trifloride at 80-100°C for one hour
under dry nitrogen. The red color vanished and analysis
by gas chromatography of the bromal revealed that three
impurity peaks present in the unpurified bromal were nearly
absent. Two of the three peaks were almost entirely miss-
ing. The aldehyde was distilled from P205 . The first part
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TABLE 1
ELEMENTAL ANALYSES FOR MONOMERS
Cl
2CBr» CHO Br
2 CCl- CHO
Theory Found
Theory Found
CI
Br
C
H
36.96
41.65
12.52
0.53
36.72
41.34
12.24
0.66
CI
Br
C
H
15.01
67.66
10.17
0.42
15.00
67.28
10.38
0.69
Halogen analyses in these compounds containing a very high
percent halogen by weight were sometimes low because they
were difficult to burn. Incomplete combustion even in the
presence of a pure oxygen atmosphere was often observed
during the analysis. Analysis for chlorine in the presence
of bromine was difficult because one halogen interfered
with the determination of the other halogen. Monomer had
to be freshly purified by distillation immediately prior to
analysis for satisfactory results.
2. Derivatilves
A 2,4-dinitrophenylhydrazone of BDCA was prepared in
dimethylformamide. The method as described in the liter-
for the preparation of 2,4 dinitrophenylhydrazonesature<
147 >
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was unsatisfactory for the preparation of a 2,4-dinitro-
Phenylhydrazone of BDCA. The literature method yielded a
high melting compound containing no halogen but much more
nitrogen than theory. In this work
, dimethylformamide,
acidified with HC1 or H
2
S0
4 , was used as the solvent for
the preparation of the 2 , 4-dinitrophenylhydrazone instead
of water, ethanol and H 2 S04 . A yellow hydrazone was ob-
tained in good yield and melting point was 150°C. An in-
frared spectrum is shown in Appendix 1.
Several attempts were made to prepare a 2,4-dinitro-
phenylhydrazone of CDBA by various methods. A stable deri-
vative was not isolated. Also, oximes of these two alde-
hydes appeared to be too unstable and too difficult to pur-
ify.
Physical Constants
The values obtained for the boiling points and densi-
ties of chloral BDCA, CDBA and bromal are given in Table 2.
(see page 193)
The boiling points and the densities of chloral, BDCA,
CDBA and bromal increase approximately linearly with increas
ing bromine substitution. The melting points of these
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TABLE 2
BOILING POINTS AND DENSITIES OF MONOMERS
CI3CCHO
Cl2CBrCHO
Br2CCl-CHO
Br 3C-CHO
Boiling point 760 mm
97.75
127
148
174
Density 25°C
1.45
1.87
2.27
2.73
compounds differ widely. Chloral melts at
-57. 50 (60)
while BDCA with its asymmetrical substitution on the
-carbon, melted at about -70OC and melting points in-
creased with increasing bromine substitutions.
4
* Nuclear Magnetic Resonance Spectra
The proton NMR spectra of the four haloaldehydes show
a sharp singlet for each monomer. The values of the chem-
ical shift are given in Table 3. (see p. 194) The aldehyde
proton becomes increasingly shielded with increasing bromine
substitution. With increasing bromine substitution more
highly polarizable groups are present next to the aldehyde
proton. The electrons would more effectively shield the
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aldehyde proton in bromal than in chloral.
TABLE 3
PMR CHEMICAL SHIFTS FOR MONOMERS
The chemical shifts observed in the 13 C1
2NMR spectra
of the four haloaldehydes are given in Table 4.
TABLE 4
C 13 CHEMICAL SHIFTS FOR MONOMERS
(Downfield from TMS in PPM, neat)
C13C- CHO
' CM)
175.3
CXo
93.7
C12C- BrCHO 176.7 79.4
Br2C- CI -CHO 176.3 63.5
Br3C-CHO 176.9 45.5
The data in Table 4 indicate that the chemical shift
of the carbonyl carbon is nearly constant in all four aide
hydes even though the substituent groups differ consider-
ably in their ability to withdraw electrons. The charge
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density on the carbonvl carhnr, »„yj. bon appears to be quite con-
stant. The chemical shift of the „, ucarbon substituted with
the halogens shows a trend with increasing bromine substi-
tution, rhis type of trend has been observed i„ halogen
substituted methanes. <*8) tte most important
is that the chemical shift of the carbonyl carbon is not
greatly infiuenced by the electronegativity of the substi-
tuent group in these aldehydes.
5
.
Infrared Spectra
The infrared spectra of BDCA and CDBA are shown in
Appendix 1. These spectea are very similar to published
infrared spectra of chloral and bromal except in the region
of 900 „-l to 600cm-l where the carbon halogen bond stretch
is generally observed.
Careful measurements were made to determine the exact
location of the carbonyl band in the infrared mixtures for
all four compounds. The carbonyl stretch frequencies were
determined in the gas phase, in n-hexane, and neat for each
aldehyde. The data are presented in Table 5
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TABLE 5
ALDEHYDE CARBONYL INFRARED STRETCHING ASSIGNMENTS
(cm-1 )
gas hexane neat
C13CCHO 1777 1768 1760
Cl2 CBr CHO 1774 1763 1754
Br 2 C C1CHO 1768 1758 1750
Br
3CCHO 1765 1754 1742
The carbonyl stretching frequency linearly decreased
with increasing bromine substitution. The carbon oxygen
double bond decreases in polarity and decreases in double
bond character with increasing bromine substitution.
Bromine is less electron withdrawing than chlorine and sub-
stitution of bromine for chlorine stabilizes the resonance.
© ©
= 0 ~* +- - 0/ /
In the case of bromal the charge separated form is more im-
portant than in chloral and the carbon-oxygen bond in bromal
has more single bond character. The polarities of the
carbonyl groups in the four haloaldehydes influence their
reactivities toward nucleophiles
.
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D. Homopolymerization of CDBA, BDCA, and Bromal
All these monomers, bromal, CDBA and BDCA, polymerized
in the presence of anions and certain acids to form sub-
stitute polyoxymethylenes with structures closely resemb-
ling the structure of polychloral.
1. Polymerization of BDCA
BDCA polymerized in the presence of a wide variety of
initiators. Both anions and certain acids were effective
initiators. The initiators, reaction conditions and yields
are described in Table 7.
r c~y ?
C^C-BrCHO ^ —L— C-o}
Cl2CBr
TABLE 7
Bulk Polymerization of Cl
2C-BrCHO Reaction Tempera-
ature
-30°C. Initiator Concentration 2 Mole Percent
Initiator Time Yield %
Pyridine 3 hrs
.
72
2, 4, 6 Collidine 24 hrs. 68
Quinoline 3 hrs. 75
Triethylamine 3 hrs 52
HMPT 3 hrs. 65
Triethylamine 3 hrs 70
(contd.
)
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TABLE 7 (contd.)
Initiator
Lithium tertiary
Butoxide a.
SbClsb
Ti Cl4b
.
AlCl3b
AlBr 3b
CsF
GsCl
CF3SO3H b
H2S04b
Time
3 hrs.
1 week
1 month
3 hrs
.
3 hrs
3 hrs.
3 hrs.
1 week
1 week
Yield %
80
58
4
67
71
63
60
40
31
^ ?nL?!^ P
ercent
'
b. Reaction Temperaturei itiator concentration, c. 1 mo le %
-10°C
10ns
A
'
Polymerization in the Presence of An
Tertiary amines, metal alkoxides, alkali metal
chlorides or fluorides, and phosphonium chlorides were
effective initiators for the polymerization of BDCA. All
of these polymerizations were rapid at
-30°C but some ini-
tiators were more efficient and produced more rapid reac-
tions. All of the anionic polymerizations were gel forming
if initiation was carried out above 40°C. Cryotachensic
polymerizations took place, in a manner that visually
closely resembled cryotachensic chloral polymerizations,
as soon as the temperature of the reaction fell below the
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threshold temperature. A self-supporting gel appeared
after five minutes, hardened, and became cloudy during the
hour. Most of the reactions of Cl2CBr CHO with anions
appeared to be completed within one hour.
The yield of polymer, after extraction with acetone
or dichloromethane, were about 70 percent. Some unstable
polymer fractions were degraded by the extraction. The
yields before extraction were higher than the values given
in the table. The polymer obtained with triethylamine
, as
the initiator, were fairly unstable and the yield of crude
polymer not extracted, was 20 percent higher (about 72%)
before extraction.
All nucleophiles that polymerized chloral also poly-
merized BDCA with two important exceptions. Tri-alkyl
phosphines failed to polymerize Cl2CBrCH0 and bromide or
iodide salts were not effective initiators. A series of
experiments were devised to explain these results.
The identity of the true species present in the reac-
tion of trialkyl phosphines with Cl2CBrCHO was found to be
essential. In the case of chloral a phosphonium chloride
is formed when a trialkyl phosphine was reacted with the
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aldehyde and the chloride ion is the actual initiating
nucleophile for the polymerization of chlorai.
H ©
CI3C-CHO + R3P cl2C . fc.0_p
Q
ci
CCI3CHO + ci—»- Cl-C-0 0 m Cl^CHO
I
CC13
H
I
m +
CC13
It was found that at 250C triphenylphosphine reacted with
Cl2CBrCH0 to form a phosphonium bromide.
H +
R3P + CCl2 BrCH0 —>- C12C = C-O-P R3
Br
~
The identity of this salt was established by the analysis
of its hydrolysis products.
H 0
C12C = C - O-P-R3 H20^ Cl2H-OCH0 + H-Br
Br©
+ R3P—*•> 0
Dichloroacetaldehyde was isolated as the sole aldehyde
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e was
product from this hydrolysis and broraochloroacetaldehyd
not observed. This product would arigen ^ ^
phonium chloride had bean formed preferentially.
9 © H20
ClBrC = C-0-PR3 ^
clBrCHCH0 +
CI®
+ HC1
The Ph3P/Cl2CBrCHO adduct was isolated and purified. It
failed to polarize Cl
2CBrCH0 but did polymerize chloral
The cloride salt, the chloral-triphenylphosphine 1.1 adduct
did polarize Cl2CBrCH0 and chloral. Furthers
, casium
bromide pulverized chloral but did not polymerize BDCA.
Bromide ion appeared to be ineffective as an initiator for
BDCA. Cesium iodide also failed to polymerize Cl2CBrCH0
so it was consequently concluded chloride and flouride ions
were effective initiators while bromide and iodide ions
were not effective initiators for BDCA at an initiation of
Cl2CBrCH0 at temperature of 30°C. When the initiation of
BDCA was carried out at 80oC however a polymer was formed.
An analysis of the reaction of triphenylphosphine with
Cl2CBrCH0 at 80°C revealed that both dichloroacetaldehyde
and bromochloroacetaldehyde were formed from the hydrolysis
of the phosphonium salts.
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80°C ^ ii
C12C BrCHO + Ph 3P >-Ph$-0-t =P 3T-0 C C Cl2
Br © I
+ Ph3P-0-C = C ClBr
H U
+ H
Ph3P-0-C = CClBrfX
-^ClBrC-CHO + C'C12CH0
CI " J£ H H
It is proposed that in the reaction of BDCA with Ph
3
P at
80°C some chloride salt was formed and chloride ion from
this salt was the initiating species in this particular
polymerization of BDCA with triphenylphosphine
.
B
'
Polymeriza tion of BDCA in the Presence of Acids
Protic acids and acids normally considered to be Lewis
acids were effective initiators for the polymerization of
C12C BrCHO. The reaction conditions and yields are shown
in Table 7. CF3 S03H and H2S04 polymerized BDCA in low
yields. This low efficiency of protic acids as initiators has
been observed in chloral polymerizations. I
Chloral polymerized in a yield of 19% in the presence
203
°f H2S04 to yield a white powder. (94 > The polymerization
of BDCA in the presence of n c ft ,h2S04 also yielded a white pQw_
nations with H2S04 required induction^^
«y poi^et, insoluble in the monomerS) Qbtained
_ ^
induction period for the polymerization of BDCA was shorter
than the induction period for the polymerization of chloral
The higher yield and shorter induction period may be due to
the polarizability of the bromine in the CDBA. The poly-
i-ble electron cloud may stabilize the positive oxonium
ion in the transition state.
BrC
.
cl
2 0 BrCCl2
0-C 0= C
H H
Lewis acids, such as SbCl5 and A1C13 -re more effective
than the protic acids as initiators for the polymerization
of BDCA. m fact, AICI3 polymerized BDCA rapidly to form a
gel at a rate that was comparable to polymerization of BDCA
in the presence of chloride ion. It is possible that the
polymerizations in the presence of SbCl5 or AICI3 were
actually^anionic. SbCl5 can exist in the form of SbCl^
SbClg
,
and initiation by chloride ion might be
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possible. The yields of polybromodichloroacetaldehyde in
the presence of SbCl
5
or AICI3 almost as high as the
yields in most anionic polymerizations of this monomer.
Higher yields of chloral polymerizations were also observed
in the presence of SbCl5 or A1C1 3 .
(94)
c
-
Generation Observations
Several general observations were made with contrast
the polymerizations of BDCA in the presence of nucleophiles
as compared with the polymerizations in the presence of
acids. Firstly the anionic polymerizations were gel form-
ing, yielding coherent pieces of polymer, while the cationic
polymerizations with one exception, were precipitation
polymerizations. Secondly, the cationic polymerizations
always had an induction period. Thirdly the yields were
much higher in the anionic polymerizations.
2. Polymerization of CDBA
CDBA, freshly purified, polymerized in the presence of
nucleophiles and in the presence of selected acids. The
initiators, reaction conditions and yields are given in
Table 8.
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Br2 -CCl-CHO
R Q
R © Cl-CBr
2
TABLE 8
BULK POLYMERIZATION OF CDBA AT
-4<5°rInitiator Concentration 2 Mole 7
Initiator
Pyridine
Quinoline
Li tert Butoxide
SbCl
H2S04 a.
H2S04 b.
CF3SO3H a.
Cs CI
Cs F
AICI3/ No2c6H5
(C2H5) N^Cl"
Ph P-
-0-C = CClo
CI
L
Reaction Time
72 hrs.
72 hrs.
72 hrs.
1 week
1 month
1 week
1 month
72 hrs.
72 hrs.
72 hrs.
72 hrs.
72 hrs.
Yield %
52
47
30
24
3
4
3
44
49
38
39
35
a. Polymerization temperature
b. Polymerization temperature
-20°C
-78°C
3
- Polymerization in th* ^e Qnce nf Wlip1^ph„_
Tertiary amines, metal alkoxides, alkali metal
chlorides or fluorides and phosphonium chlorides were effec-
tive initiators for the polymerization of CDBA. All of
these polymerizations were completely or nearly complete
after three hours at
-45°C but longer reaction times were
206
used to maximize conversions. All polymerizations were
initiated above the polymerization threshold temperature.
Gels were formed during these polymerizations when the
polymerizations were maintained in the quiescent state at
-45°C. These cryotachensic polymerizations resembled
closely the corresponding polymerizations of chloral and of
BDCA. The yields of polymer, after extraction with acetone
or dichloromethane were about 50%. Unstable polymer frac-
tions were degraded by the extraction and the yields before
extraction were higher than the values given in the table
by about 10-15 percent.
The polymerization of CDBA in the presence of nucleo-
philes closely resembled the polymerization of BDCA. Most
of the nucleophiles that polymerized chloral also poly-
merized CDBA and BDCA except the tri-alkyl phosphine and
bromide or iodide salts. Their salts were halide.
It was necessary to determine the identity of the true
species present in the reaction of triphenylphosphine with
Br2CCl CHO. In the case of chloral a phosphonium chloride
is formed when a triphenylphosphine was added to chloral.
The chloride ion is then the actual initiator in the
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polymerization of chloral.
CI3CCH0 + r3p—„ Chc . j_0
®
R3
CI3CCHO + ci
ci©
H
1
CCl,
Triphenylphosphine reacted with Br2CClCH0 to for* a phos
phonium bromide.
H ©
R
3P + Br2CClCH0 ^ ci BrC = G-O-P R3
Br§
©
Br2C= C-O-P R
3
CH
H20 H
Phosphonium salt >- r3p-^ 0 + ClBrC-CHO
+ HBr
H
+ Br2C -CHO + HC1
A 1:1 crystalline reaction product of triphenylphosphine
and CDBA was prepared and the resulting phosphonium salt
was hydrolized to give DBA but no dibromoacetaldehyde
.
The reaction sequence above shows that if a chloride salt
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were present, dibromoacetaldehyde would have been present
in the hydrolysis products, but it was not detected. The
bromochloroacetaldehyde has been reported (15°) and the
Physical constants observed in this work were similar to
those reported before. This analysis ibdicated that tri-
phenylphosphine reacted with CDBA and bromide ion was pre-
ferentially lost, and it is proposed that bromide ion is no
an effective initiator for CDBA. Tri-n-butyl phosphine als
failed to polymerize CDBA under the conditions used.
b
'
Polymerization of CDBA in the Presence of Acids
The polymerization of CDBA in the presence of nucleo-
philes closely resembled in most cases the anionic polymer-
izations of BDCA and CI3C CHO except that lower tempera-
tures were required for the polymerization of CDBA, but
CDBA under these conditions was somewhat less reactive
than CCI3CHO and BDCA.
The yields and the reaction rates for the polymeriza-
tion of CDBA in the presence of acids were also markedly
lower than for chloral and BDCA. After one month H2SO4
and CF3SO3H polymerized CDBA in yields of 1% and 3% respec-
tively. These values were much lower than the yields
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observed for the polymerizations of BDCA in the presence of
these acids. The yields of polychlorodibromoacetaldehyde
were the same at
-20°C or at
-78°C when CDBA was polymer-
ized with CF
3S03H.
CDBA also polymerized in the presence of antimony
pentachloride in a vielrf nf 1L°/ tl.y eia ot 24/0
. The rate at which polymer
formed in this reaction was much lower than the rate at
which polybromodichloroacetaldehyde or polychloral appeared
under similar conditions.
Steric effects may be very important in the polymeri-
zations of BDCA and CDBA in the presence of acids. These
steric effects may be less important in the anionic poly-
merizations of these two monomers since the yields and
reaction times under anionic conditions were nearly equal
for BDCA and CDBA.
CDBA polymerizations as other haloaldehyde polymeriza-
tions were particularly sensitive to the presence of impur-
ities and to the methods of initiation. All the success-
ful polymerizations were carried out in vacuum sealed tubes
with freshly purified monomer. Usually better yields were
obtained when the initiators were added as solutions in the
s -
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toluene. Particularly in the cases of the tertiary amines
better yields were obtained when they were added as 1
molar solutions in dry toluene.
3. Polymerization of Bromal
Bromal, when purified according to the procedure de
cribed above, polymerized in the presence of nucleophiles
and in the presence of trifluoromethane sulfonic acid at
low temperatures.
0 H
CBr 3CH0 >- Lq-o)
© V | 'n
CBr
3
The initiators, reaction conditions and yields are
given in Table 9.
TABLE 9
Polymerization of Br3CCH0 Solvent:
Toluene (20%) at -78°C for 72 hours
Initiator Time Yield %
(2.5 mole 5)
Pyridine 72 hrs . 46
Quinoline 72 hrs. 39
Et
3N 72 hrs. 48
Li tert Butoxide3 72 hrs. 16
CH3SO3H 1 monthb 3
a. 0.3 mole % b. Reaction time 1 month
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a
* Polymerization in the Presence of Nucleophi 1 eg
Tertiary amines and metal alkoxides polymerized bromal
rapidly at
-60°C or
-78°C. Quinoline, triethylamine and
pyridine were added as one molar solutions in toluene at
room temperature to bromal in polymerization tubes (above
the threshold polymerization temperature) and the mixture
was cooled. Self-supporting gels were formed after one
hour at
-78°C. The yields were lower for bromal polymeri-
zations than for the homopolymerizations of the other three
monomers, chloral, BDCA, and CDBA.
Several important considerations were important for
the successful polymerization of bromal.
1. The monomer purity required was much greater than the
monomer purity necessary for chloral polymerizations.
Bromal, in order to be satisfactory for polymerization,
should contain not more than 0.1% total impurities. Re-
peated distillation of bromal from phosphorous pentoxide
did not remove the impurities. Several impurities per-
sisted, according to analyses by gas chromatography, after
it was freshly distilled from phosphorous pentoxide. If
bromal was heated over antimony trifluoride at 100°C and
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then distilled fron, phosphorous pentoxide the snail peaks
in the G.C. disappeared. Phosphorous pentoxide was able to
remove water, but was not able to remove two other impuri-
ties. Bromal purified with antimony trifluoride was
virtually colorless which demonstrated that antimony
fluoride was necessary for the production of polymerization
grade monomer.
2. The second important requirement for the bromal poly-
merization was the necessity of a diluent with a very low
melting point. Pure bromal crystallizes at temperatures
well above the threshold polymerization temperature and no
polymerization took place if a liquid state was not main-
tained. Also, bromal recrystallized from methyl cyclo-
hexane and other solvents at a temperature that was well
above the threshold polymerization temperature. Toluene
however prevents bromal crystallization. Pure bromal would
not solidify and would not crystallize out if a sufficient
amount of toluene was present. In the absence of toluene
no polymerization took place.
3. The third requirement for bromal polymerization was
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the method of initiation. If the initiator was added as a
one molar solution in toluene then local high concentra-
tions of initiator were avoided and mixing of the initiator
with the monomer was more complete. When pyridine was used
at high concentration a red side product was produced which
probably inhibited the polymerization and only a low yield
of polymer was isolated.
4. The fourth important requirement was the temperature
program used for the polymerizations. Yields of polymer
were higher when the polymerization tubes were first cooled
to
-60°C for a few minutes and then cooled to
-78°C. If
the polymerization was conducted at
-78°C part of the bromal
crystallized out immediately but at
-60°C this was not ob-
served. A self-supporting gel formed initially and if the
tube was then placed in the -78°C bath, the monomer crystal-
lization did not take place and all of the monomer was
available for polymerization.
A special remark must be made about the polymerization
of bromal with lithium tertiary butoxide. If lithium
tertiary butoxide was added to bromal at 25°C and the
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initiated monomer was cooled to
-78°C no polymer fortned. A
small quantity of white solid precipitated and the white
solid was isolated and found water soluble. A side reac-
tion, the formation of lithium bromide, took place at 25°C.
If, however
,
the lithium tertiary butoxide was added to the
bromal at a low temperature, well below 0°C, then initia-
tion took place and polybromal could be isolated.
Several initiators which polymerized chloral did not
polymerize BDCA or CDBA and also did not polymerize bromal:
triphenyl phosphine, tri-n-butyl phosphine, cesium bromide,
and cesium iodide.
b
* Polymerization of Bromal with Acids
Several protic acids and several Lewis acids were
employed as possible initiators for the polymerization of
Bromal. Only one acid, trifluoromethane sulfonic acid,
produced polymer. The yield was only about three percent
after one month. Antimony pentachloride, one of the most
efficient cationic initiators for the polymerization of
CC1
3CH0, CDBA and BDCA was not an effective initiator for
bromal at
-78°C.
215
Summary
The monomers of Cl2CBrCHO, Br2CClCHO and Br 3CCHO each
homopolymerized in the presence of nucleophiles to high
conversions, at rates and conversions which were very
similar for all three aldehydes. The rates of polymeriza-
tion and the conversions decreased in the order Cl2CBrCHO
Br2CClCHO Br 3CCHO which was interpreted on the basis of an
increase in the bulkiness of the side group.
4. Polymerization Rate Measurements for CDBA BDCA
and Bromal by PMR Spectroscopy
The rate of horaopolymerization of the three monomers
BDCA, CDBA, and bromal with pyridine and with CF3SO3H were
measured by measuring the decrease in the aldehyde proton
intensity of a polymerizing solution in vacuum sealed NMR
tubes. The monomers and initiators were mixed in the tubes
above the polymerization threshold temperatures and then the
tubes were kept at the prescribed bath temperature and then
removed for measurement. It was shown that no polymeriza-
tion or depolymerization took place during measurement.
The polymerization of aldehydes below the threshold
temperature is effected by the efficiency of heat removal.
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In the first set of experiments an attempt was made to re-
move the heat from each polymerization at the same rate.
A bath temperature for each monomer was set so that a con-
stant difference between this temperature and the threshold
temperature was maintained. The homopolymerization rates
of BDCA, CDBA, and bromal with 2.5 mole percent pyridine at
a bath temperature of approximately Tc bulk - Treaction =
40°C were determined. The percent conversions as a func-
tion of time are shown in Appendix 3.
The final equilibrium conversions decreased in the
order BDCA, CDBA, bromal. The data also indicate that the
rates of polymerization followed this order but that they
were very similar. All the polymerizations were essentially
complete in one hour.
A second set of measurements of the polymerization
rates were made at a bath temperature of
-78°C. The plot
of percent conversion against time is shown in Appendix 3.
The data show that the polymerization of CI2C BrCHO was
very rapid at
-78°C.
The temperature of polymerization of these monomers
with pyridine, had little effect on the final conversion but
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a profound influence on the rate if t-h, -1 di: xt the temperature was
well below the ceiling temperature.
The rates of homopolymerization of BDCA and CDBA and
bromal ln the presence of trifluoromethane sulfonic acid
are shown in Appendix 3 where percent conversion is plotted
against reaction time. BDCA in the presence of this acid
polymerized after an induction period of several hours.
The polymerization was complete after 72 hours and the
conversion was 40%. Chlorodibromoacetaldehyde in the pre-
sence of CF3SO3H showed very little change in the intensity
of the aldehyde carbonyl proton in the NMR spectra during a
one month period. The low yield of polymer observed in the
polymerization reaction of CDBA with CF3SO3H was due to the
failure of this monomer to form a chain molecule and was
not due to a side reaction. A low yield of polymer was
also obtained from bromal.
The data from the NMR experiments agreed closely with
the previous data on polymerization rates and conversions
for these three monomers. The order of reactivity of these
monomers were:
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Cl
2CBrCHO > Br2CClCHO > B^CCHO anionic
Cl2CBrCHO ^ Br2CClCHO > B^CCHO cationic
The following explanation is proposed. This order of
reactivity corresponds to the order of increasing side group
size. The steric hinderance was the greatest in bromal and
it was the least reactive. The influence of steric hinder-
ance in the cationic polymerizations was great while the
influence of steric hinderance on rates and conversions in
the anionic polymerizations was not as important.
5. Polymerization Threshold Temperatures
An experiment was designed to determine the polymeri-
zation threshold and ceiling temperature of polymerizations
for BDCA, CDBA, and bromal. The polymers were insoluble in
the monomers, and the appearance of a cloudiness at a cer-
tain temperature in a solution of chloral polymerization
has been interpreted as the onset of polymerization
.
The visual observation of the cloud temperatures at differ-
ent monomer concentrations has been used to determine ceil-
ing temperatures . (69) jn this study an instrumental method
was used for this determination of the cloud temperatures of
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these monomers at various concentrations. A light source
and a sensitive detector were used to measure the decrease
in intensity of light transmitted through a sealed tube
containing. the initiated monomer.
A photograph in the apparatus is in Appendix 6.
A plot of the intensity as a function of temperature
for CDBA in toluene with pyridine is shown below and is
typical of the data taken for all of the monomers.
(See Figure 1, p. 220) The data on the figure show a
rapid decrease in light intensity after a slow decrease.
The point of maximum slope is the point (B) where the un-
aided eye detected the first cloudiness. The threshold
temperature was taken to be at point (A) where the slope
changes most rapidly. Point B is the visual cloud point
and at this point some polymer precipitated and the process
was no longer an equilibrium polymerization. Therefore
Point B was not a true threshold temperature and Point A
was chosen instead.
The measurements were made at several monomer concen-
trations in toluene. Pyridine was used as the initiator in
all cases. The ceiling temperature for each monomer was
FIGURE 1
THRESHOLD POLYMERIZATION DATA FOR ptym tv m^r™,
INTTTATOR: PYRIDINE MWOM cSSffi™ fi^Sr.,TRANSMITTED LIGHT INTENSITY^SS^m^
30 r-
LIGHT
INTENSITY
READING
temp, of distinct
cloudiness
bath
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obtained by extrapolating the experimental points on a plot
of 1/TPouYM.VS. log [M]
.
me ceiling temperatures for one
molar solutions in toluene are given in Table 10.
TABLE 10
CEILING TEMPERATURES OF PREHALOALDEHYDES 1M SOLUTION
IN TOLUENE. INITIATOR: PYRIDINE
Chloral
+18°C
BDCA
-11°C
CDBA
_45oc
Bromal
-75°C
The ceiling or threshold polymerization temperatures
decreased as the side group size increased. Increased
steric hinderance would be expected to make the polymeriza-
tion less thermodynamically favorable and would lower T
The polymerization decreased linearly with the number of
bromine atoms in the aldehydes. The monomer boiling points
of these compounds increased linearly. A plot of Tc and
boiling point for each monomer and for chloral is shown
in Figure 2 on page 222.
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FIGURE 2
: CEILING TEMPERATURES vs. NO. OF BROMINES PRESENT IN
CHLORAL,DCBA, DBCA and BROMAL (l Min TOLUENE)
t BOILING POINTS OF ALDEHYDES (DEGREES CELCTUS)
NUMBER OF BROMINES PRESENT
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E. Copolymerization of Fully Halogenated
Bromoacetaldehydes
.
1
-
Copolymerization with Chloral
CDBA and BDCA and bromal each copolymerized with
chloral in the presence of anions and certain acids. The
reactants, reaction conditions, and yields of copolymers
are given in Table 11. (See page 224)
Infrared spectra, vacuum degradation data and elemen-
tal analysis indicated that Cl2CBrCHO and Br 2CClCHO copoly-
merized under anionic or cationic conditions with chloral.
High amounts of BDCA or CDBA were present in the copolymer
at high polymerization feed ratios. Bromal in contrast
was very reluctant to copolymerize with chloral under all
reaction conditions, and may be interpreted by the relative
inability of bromal to fit into the polychloral chain be-
cause of the size of the tribromomethyl group.
The data in Table 11 also indicate that the reactivi-
ties of CDBA and BDCA in copolymerizations with chloral
were higher under cationic conditions than under anionic
conditions. Under anionic conditions chloral is known to
polymerize rapidly at temperatures which were below the
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polymerization temperature of BDCA or CDBA. CDBA was very
reluctant to homopolymerize under cationic conditions, but
it copolymerized readily with chloral.
2
* CoPQlvmerization with Isocyanate^
BDCA, CDBA, and bromal copolymerized with Ahyl and
alkyl isocyanates
.
H
l
r h o
6-0 + N = C = o->-(-C-o)-fc-N -)
I
R Icx
m
X
The monomer feed ratios, reactions conditions, and yields
are described in Table 12 (page 226).
Data in Table 12 indicate that each of the three alde-
hydes differed in their reactivity with phenyl isocyanate.
Bromal was less reactive than BDCA toward phenyl isocyanate
Consequently a greater amount of phenyl isocyanate copoly-
merized with bromal than with BDCA at 50 percent concentra-
tions in the feed. CDBA was intermediate in reactivity.
38% isocyanate in CDBA phenyl isocyanate copolymer was less
than 50% in bromal phenyl isocyanate copolymers, but more
than 32% in BDCA, phenyl isocyanate copolymers.
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TABLE 12
Copolymerization of Prehaloacetaldehydes with IsocyanatesInitiator: Pyridine (2.5 mole %) Reaction Temp.
-78°C
Monomer Comonomer [M]_] (M2 ] % Conversion
bunco 50
BDCA
22.1
% Isocyanate
in Productb
50 84.0 32
PhNCO 20 70.6 16
10 73.7 13
5 66.1 7
Bunco 50 38.2 7
CDBA
50 91 38
PhNCO 20 46.4 27
10 54 13
5 52 8
Bromal
bunco 55, 50 74 50, 46
20 61.1 13.1
10 50.4 11.0
5 34.0 6
CH
3
PhNCO 50 42.0 16
BuNCO 50 48.4 7,9
a. Initiator Concentration 2.0 mole %.
b. Determined by elemental analysis for nitrogen.
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At high isocyanate concentrations bromal formed a I
nearly 1:1 copolymer with phenyl isocyanate under anionic
conditions according to analyses for nitrogen and bromine.
Only this copolymer (with a molecular weight of 7000 accord
ing to vapor phase osmometry was soluble in dichloro-
methane. The copolymers of BDCA and CDBA with phenyl
isocyanate were insoluble in CH2C12 but the amount of
isocyanate in the copolymer was always less than 50%.
Phenyl isocyanate was much more reactive in copoly-
merizations with BDCA, CDBA and bromal than was n-butyl
isocyanate and p-methylphenyl isocyanate were. For example
when 1:1 mixture of n-butyl isocyanate and bromal were
polymerized the product isolated contained only about 7%
isocyanate according to nitrogen analysis. The p-methyl
phenyl isocyanate was less reactive than phenyl isocyanate
but more reactive than n-butyl isocyanate in copolymeri-
zations with bromal, BDCA and CDBA.
The yields recorded for the copolymerizations of CDBA,
BDCA, and bromal were slightly higher than the yields for
the homopolymerizations of the aldehydes. The copolymers
were more thermally stable than the homopolymers and the
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extraction with acetone did not cause any appreciable
degradation of the copolymers. I„ contrast the extraction
degraded some unstable homopolymer fractions.
Many of these bromoacetaldehyde-isocyanate copolymers
could be separated into two factions when the polymeriza-
tion mixture was treated with CH2C12 . One fraction when
removed from the polymerization tube was insoluble in
CH2 C12 and the other fraction was soluble. The copolymers,
while still swollen with monomer could be separated into
two fractions with dichloromethane
. The soluble fraction
could be precipitated with n-hexane. However, after the
soluble fraction was collected and dried it could not be
redissolved in CH2C12 .
F. Homopolymer Characterization
Infrared Spectra of Homopolymer
The empirical formulas of the products isolated
were established as being identical to the empirical
formulas of the respective monomers by elemental analyses.
The infrared spectra of those homopolymers in the range of
4000-250 cm' 1 were very similar to published infrared
spectra of polychloral. In a recent study (73 ) a detailed
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-al7sis of th. in frared spectra of polychloral „ ^
Ushed and assignments Qf absorptiQns ^ functiQnai^m the polymer were made. (73 > ThP *c«<e assignments are sum-
marized in Table 13.
TABLE 13
INFRARED SPECTRUM OF POLYCHLORAl/73 )
Wave number cm" 1 Intensityi Motion
35°0
3360 0H stretching
2945
W 0H stretching
2910
m C "H stretching
1386 Z
C 'H stretching
1360 combination 803+582
1325
m C "H bending
1X22
S bending
1085
VS C"° stretching
1070
VS C "H stretching
1028
VS C"° stretching
975
m C-H bending ?
842
vs c"° stretching
830
803
681
675
630
582
vs
vs C-C and C-Cl
vs Stretching
8 C-Cl stretching
8 C-Cl stretching
w, sh skeletal non cryst.
s C-Cl stretching
The infrared spectra of the polymers of BDCA, CDBA
and bromal are shown in Appendix 2. The spectra are also
superimposed on one page to show the great similarity of
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the three spectra and their similarity fcQ ^ ^
polychloral. The carbon
-hydrogen stretching fa ^^
was observed near 2940 «"!. The strong lines at 1340 «"!
and 1325 «-l in polychloral were also present in the other
three homopo lymers
.
These two lines arose from C-H bend-
ing motions on each homopolymer. The absorptions in the
region 1200-900 cm"! for the three spectra can be nearly
superimposed on absorptions in a polychloral spectrum.
These absorptions have been assigned to C-0 stretching
vibrations. (72) The similarity in the infrared spectra in
the 1200-900 cm" 1 region indicates that all four homopoly-
mers have carbon oxygen single bonds and they have the
structure
H
-ffi - 0>-
I
n
cx
3
and are substituted polyacetals. Differences between the
spectra occur at longer wavelengths where the carbon-
chlorine and carbon-bromine stretching modes would be
expected.
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Evidence for a Helical Structure
Polychloral is isotactic or largely isotactic in every
case studied. An helical structure was proposed for poly-
chloral on the basis of a careful analysis of the infrared
data summarized above in Table II. Polychloral and the
three new homopolymers reported here are very similar in
the carbon
-hydrogen bending region and in the carbon oxygen
single bond stretch region. The polymer chains present in
polybromal, polychlorodibromoacetaldehyde, and polybromo-
dichloroacetaldehyde, prepared with anionic initiation, are
also probably helical and therefore isotactic. The in-
frared spectra of isotactic polyfluoral are very similar
to our polymers. The spectra of atactic polyfluoral are
very different than our polymers in the 900 cm" 1 to 1200
cm" 1 region.
The lines observed in the region 1400 cm" 1 to 900
cm
1
are listed in Table 13 for the homopolymers of chloral,
BDCA, CDBA and bromal.
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TABLE 14
INFRARED SPECTRA OF HOMOPOTYMFpq ftB ™
CHLOpIl (™S (f2Cc^i) BDCAa BR0ML AND
CI3CCHO
1386
1360
1325
1122
1085
1070
975
Cl2CBrCHO Br2CClCH0 Br3CCH0
1375
1350
1311
1109
1068
1052
949
1372
1348
1320
1115
1075
1040
943
1382
1355
1322
1142
1-19
985
Infrared Sgectrg of ^ationic Homopm^e
The homopolymers of Cl
2CBrCHO, BR2CC1CH0 and bromal
prepared in the presence of acids displayed infrared
spectra which were very similar to spectra described above
Homopolymers of BDCA and CDBA obtained with H2 S04 or
CF3SO3H as initiators contain hydroxyl end groups. Two
weak broad bands were observed at 3350 cm" 1 and 3500 cm" 1
which were probably due to hydroxyl end groups. If these
samples were treated with P Cl
5 in CC14 then the two bands
vanished. The spectra of the treated samples could then
be superimposed on the rest of the homopolymer spectra.
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Vacuum Degradations
Polybromodichloroacetaldehyde
When the poller BDCA with pyridine as the initiator
was heated in a sealed and evacuated tube, all of the solid
polymer had degraded. The volatile products ware trapped
at one end of the evacuated tube which was cooled with
liquid nitrogen. Analysis of the volatile materials by
gas chromatography regaled that the polymer had degraded
98X to monomer.and by gas chromatography analysis shown in
Appendix 1, that the volatile products consisted of 98%
BDCA. There was 2% of char left behind in the heated end.
This vacuum degradation added further support to the
structural assignment for this polymer.
> ( 'n
H
C = 0
cl
2
CBr BrCCl
2
Po lych lorodibromoaceta ldehyde
Polychlorodibromoacetaldehyde prepared with pyridine
at
-45°C was degraded in a sealed evacuated tube. The
volatile products produced were collected in a cold end
which was cooled to liquid nitrogen. Analysis of these
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volatile degradation products by gas chromatography revealed
that they were 98% CDBA. This behavior added further sup-
port to the structural assignment for this polymer.
H H
"fC - 0^ ^ m c = Q
Br
2CC1 Br
2CCl
Po lybroma
1
Polybromal obtained with pyridine at
-78°C was
thermally degraded in a sealed and evacuated tube without
any char formation. The volatile products produced were
analyzed by gas chromatography. The volatile product was
97% bromal by volume. This degradation data added support
to the structural assignment of polybromal a substituted
polyoxymethylene
.
Differential Thermal Analysis of Homopolymers
The thermal stabilities of each homopolymer were
determined by differential thermal analysis. Different
initiators produced polymers of differing thermal stabil-
ities. These thermal stabilities were determined after I
the polymeric samples had been thoroughly extracted to
remove traces of initiator which might catalyze the
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degradation.
The polymers, initiators used in their synthesis, and
their maximum degradation rate temperatures, are listed in
Table 15. All of the degradation rate data were taken in
the derivative mode so that the maxima were clearly avail-
able. (Table 15, p. 236)
Several observations can be made from the data in
Table 15.
1. Homopolymers obtained in the presence of acid were
more stable than homopolymers obtained in the
presence of pyridine.
2. Homopolymers obtained when pyridine was the initiator
had one maximum in the DTG curve. No char remained
in the sample pan.
3. Homopolymers obtained under acid conditions usually
had 2 or 3 maxima and a small amount of char remained
in all cases in the sample pan.
4. The polymers which were treated with PCI5 were sub-
stantially more stable than the untreated anionic
polymers. Treated polymers were similar in stabili-
ties than homopolymers, prepared with cationic
initiators
.
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TABLE 15
MAXIMA C OF HOMOPOLYMERS OF CDBA, BDCA AND BROMAL
Heating Rate 20°C/min. in Nitrogen
Monomer Initiator Max 1 Max 2 Max 3
BDCA iryriame 144
BDCA iino\j/imuhOL rcn
BDCA
2 4 ten 1 Q 199 240
PT7 on 17
RDCA o o c285 315
BDCA Pyridine
PClctrePt-prl
280 315
CUBA Pyridine 120
CDBA H2 S04 238 280
CDBA CF
3
S0
3
H 249
CDBA SbCl5 300
CDBA Pyridine
PCl5treated
255 280
Broraa
1
Pyridine 146
Broma Pyridine
PCl5treated
230 283
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The single maximum in the OTGm ^ ^
obtained with pyridine was due to a quantitative degrada-
tion to monomer because of indicated unstable chain ends.
The multiple maxima at high temperatures indicated the
presence of chain ends of different and higher thermal
stability. Breakage of the main chain probably took place
at 280-300°C where the highest temperature maximum was
observed.
nn?A
lySiS
,
b
£
Differenti*l Scanning Coloremetry of BDCACDBA, and Bromal Polymers 7 '
Thermally stabilized homopolymers of BDCA, CDBA and
bromal (stabilized by treatment with PC1
5
in CC14 ) were
analyzed by DSC from
-80°C to 300°C. Stabilized polychlor-
al samples were also analyzed by DSC for comparison. No
first order transitions and no second order thermodynamic
transitio ns could be detected below the decomposition
temperatures for these homopolymers. Polymer chains may
be so rigid and so polar that the Tg and Tm are above the
decomposition temperatures.
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Solubility in Qrggnlc Liquids
The homopolymers of BDCA, CDBA and bromal were tested
for solubility in acetone, CH2C12) DMSO, Toluene, Hexane,
HFIP, Trifluoraoetio acid, o-chlorophenol, and DMF and
were found to be insoluble. Several oligomers of BDCA
obtained by initiation of BDCA with h2S04 or CF3SO3H were
isolated and were soluble in dichlorouethane
. These
soluble fractions were 30% or less by weight of the total
amount of polymer isolated.
These soluble fractions were end capped with acetyl-
chloride or acetic anhydride and the number average mole-
cular weights of these fractions were obtained by mR
spectroscopy. The acetyl protons and the backbone protons
could be clearly seen and identified in the PMR spectrum
(Appendix 2).
CH3C- 0—9- 0
-f c-o4- C- 0- C— CH3CX3 V &3 [ CX3
The integeation of the protons indicated that the DPn was
12 to 15 and should probably be more appropriately called
oligomers
.
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The infrared spectra of the soluble fractions could be
superimposed on the spectra of the insoluble fractions ex-
cept in the 3100-3500 «-l region where a medium intensity
broad absorption was observed for the soluble fraction.
After this fraction was endcapped this broad band was ab-
sent and a carbonyl band at 1700 cm"* due to the acetyl
carbonyl in the end groups was present. The intensity of
this carbonyl band was compared to the intensity of a
carbonyl band in a polyaldehyde-polyvinylacetate mixture
of known composition. The relative intensity of the
carbonyl band in the endcapped polyaldehyde, using this
mixture as a reference, also indicated at DPn of 12 to 15.
To summarized then, the homopolymers of BDCA, CDBA,
and bromal were insoluble in all solvents tested. Oligomers
of BDCA soluble in Ch2Cl2 were isolated in two cases.
Molecular Weights Determination
The homopolymers of BDCA, CDBA and bromal were in-
soluble in all organic solvents tested. An oligomer of
bromodichloroacetaldehyde was isolated and because it was
soluble in several organic liquids it could be end capped
with acetic anhydride under acidic conditions. A number
average molecular weight of 4500 was obtained by vapor
Phase osmometry for the oligomer. The insoluble homopoly.
—
.
Prepared under anionic and cryotachensic conditions,
could not be end capped by treatment with acetic anhydride
or acetyl chloride. A previously developed method for the
molecular weight determination of polychloral was used to
estimate the minimum molecular weights of the homopolymers
of BDCA, CDBA and bromal.
in an
According to this method of growing oxyanion
anionic chloral polymerization reacts with an acid chloride
to yield an acylated polymer with an ester end group.
? oho
IISV^-Q
- 0© + Cl-C-R->./Wc-0-C-R
CC1
3 CC13
The molecular weights of the polymers were estimated by
determining the concentration of ester end groups. The
intensity of the ester carbonyl absorption in the infrared
region was 1770 cm" 1 was compared to the intensities of
the ester absorption in polyaldehyde-polyvinylacetate
mixtures of known composition. The minimum number
average molecular weights by end groups analysis for the
homopolymers of BDCA, CDBA and bromal are presented in
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Table 16.
TABLE 16
Monomer Initiator
°Pn
BDCA Pyridine 115
BDCA SbCl5 80
CDBA Pyridine 95
CDBA SbCl5 80
Brorna 1 Pyridine 55
The polymers prepared in the presence of acid could
be end capped by treatment with refluxing acetic anhydride
The concentrations of the ester end groups for these poly-
mers were also estimated by the infrared technique. The
polymers prepared under acid conditions were apparently
less crystalline or had end groups which were more access-
ible for end capping. The molecular weights of these
polymers were slightly lower than the molecular weights
of the polymers prepared with pyridine.
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Wide Angle X-ray Diffraction and Crystalling
The wide angle x-ray diffraction patterns of the homo-
polymers of Cl2CBrCHO Br2CClCHO, and Br 3CCHO show sharp
lines. The photographs closely resemble x-ray diffraction
patterns of polychloral. The photographs are shown in
Appendix 4.
The homopolymers of chloral, BDCA, CDBA and bromal pre-
pared with pyridine as the initiator showed sharp and very
similar diffraction lines. The prominent lines and their
spacing are listed in Table 17 (page 243).
The five strongest lines present in the polychloral
pattern are also present in the other two patterns in
nearly the same spacings. There was a slight increase in
the spacing with increasing bulk of the side chain but the
increases which are due to increases in interchain dis-
tances are very small indeed. The similarities however
indicate that the homopolymers have similar structures.
Polybromal has a generally similar diffraction pat-
tern with the longer spacing, which would be expected for
a polymer with a bulkier side group.
X-ray diffraction patterns of the homopolymers varied.
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Low Angle Light Scatt^n. a^ M-rpI,,,!,,,
Films of polychloral and polybromodichloroacetalde-
hyde prepared by monomer casting under anionic conditions
were found to exist in a rodlike morphology according to
low angle polarized light scattering. The Hv (analyzer
horizontal, polarizer vertical) light scattering pattern
showed a maximum in scattering intensity at 0° with
intensity decreasing with increasing 9. The cross pat-
tern has been observed for many other polymers such as
polytetrafluoroethylene containing a rodlike morphol-
ogy. (151) The cross pattern was observed for both poly-
chloral and poly C12C Br CHO. The orientation of the
cross was 45° to the cylinder axis. The Hv patterns
resembled closely the Hv pattern for polytetrafluoro-
ethylene which is known to have this rodlike super-
structure.
The Vv patterns were circular in shape. Density
fluctuations are aximuthal independent while fluctuations
in directional orientation of the rod optic axis depended
on the aximuthal angle. Both fluctuations contribute to
Vv scattering. The Vv scattering arose from density
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fluctuations for these two ho.opoly^ers since no angular
dependence was observed.
The Vv pattern was much more intense than the Hv
pattern. The Vv scattering arose from density fluctua-
tions, and this type of fluctuation was much more pro-
nounced than fluctuations in directional orientation
(Hv). The polymer superstructures consisted therefore of
some amorphous regions and the rod-structure was not
volume filling. Swelling of the polymers with ortho-
dichlorobenzene appeared to have little effect on the
observed scattering patterns. The homopolymers of
chloral and Cl2CBr CHO had a rodlike morphology with some
amorphous regions and the polymer chain axis was oriented
at 45° to the rodlike superstructure. Helices were
probably stacked together at 45° with respect to the
crystallite.
Spherutite and disc like morphologies are ruled out
because they show very different Hv and Vv patterns.
End Capping and Chemical Stability of BDCA, CDBA.
and Bromal Homopolymers
The homopolymers of Cl2CBr CHO. Br2CCl CHO and
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Br3C CHO could be staMUzed by treatment ^^ ^
CC14 , which had been used to stabilize polychloral. <*>
The degree of stabilization of h, u100 the homopolymers could be
determined by differeni-iaiy rrerent l thermal analysis. The DTA
curves are shown in Appendix 3. Tne temperature of the
maximum degradation rate was markedly higher for each
homopolymer than for the raw polymers. However, it is
not known what unstable end group was replaced by this
treatment nor which stable end groups were introduced.
Some polymers of BDCA, CDBA, and bromal contained
weak absorptions near 3200 to 3600 cm"! in their infrared
spectra prior to treatment with PC15 and contained no
absorptions in the 3200 cm" 1 to 3600 cm" 1 region after
treatment. Therefore the stabilization was probably a
replacement of an OH end group with a chloride end group.
Hydroxyl terminated polymeric aldehydes, including
polyformaldehyde are known to be unstable and to degrade
quantitatively to monomer by an unzipping reaction.
These polymers can be stabilized by treatment with acetic
anhydride which converts hydroxyl end groups to stable
ester end groups. It was not possible to stabilize the
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homopolymers of Cl
2CBr CHO, Br2CCl CHO and Br3C CHO pre-
pared under cryo tachensic anionic conditions with acetic
anhydride or acetyl chloride W h.y ni but these homopolymers could
be successfully stabilized by PC15 treatment.
The polymer treatment with PC15 did not attack the
substituent groups on the polymer chain. A careful
examination of the infrared spectrum of each homopolymer
revealed that there was no exchange of chlorine for
bromine
.
? PC15 H
r-n< > i
J n
CC14 — C-0T
CBr3 Cl-CBr2
The infrated spectra in the carbon halogen stretch
region, 900-250 cm" 1
,
were identical before and after
treatment.
Most aliphatic aldehyde polymers are degraded
rapidly by strong acids and by the standard 2,4 dini-
trophenylhydiozine reagent in ethanol and sulphuric
acid. (155 ) The stability of the homopolymers of
Cl2CBr CHO, Br2CCl CHO, and Br3C CHO in strong acid and
in 2,4 dinitrophenylhydrazine reagent was determined,
but these stabilized homopolymers were attacked very
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ten days.
H
+ H2SO4 —
very slow reac
cx3
H jjhnh^
"TC-04- + |oI— NO, J©
I '
n 2 £_
_
Very slow
™3 N02 reaction
These four homopolymers stabilized by treatment with
PC15 in CC14 were inert toward bases. Pyridine, lithium
tertiary butoxide in methyl cyclohexane, sodium methoxide
in hexamethylphosphorous triamide, and potassium iodide
in acetone failed to degrade these polymers after 8
hours at 250C. The polymers were recovered quantitative-
ly.
G. Copolymer Characterization
Copolymers with Chloral
Copolymers of chloral and bromal, chloral and BDCA,
and chloral CDBA were characterized by infrared
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spectroscopy TGA, DSC, low angle light scattering and
vacuum degradation. The characterization studies indi-
cated that these compounds Were true copolymers and not
homopolymer mixtures. All of the copolymers of high
molecular weight were insoluble. The properties of
these copolymers and the evidence for true copolymers
are discussed below.
Vacuum Degradation
The copolymer compositions for the systems chloral/
BDCA, chloral CDBA and chloral/bromal were calculated
from the data obtained from the vacuum degradation of
each copolymer. The copolymers were degraded thermally
in sealed tubes and the volatile products were analyzed
by gas chromatography. The percent of each monomer was
determined by measuring the area for each monomer in the
chromatogram. In Table 18 the copolymer compositions
are given along with the ratios of the monomers in the
feed in the cationic polymerizations. Table 18 contains
the feed and copolymer composition data for the experi-
ments where pyridine was the initiator.
TABLE 18
Cl 3CCHO/Cl2CBrCHO Copolymer Compositions
(
po^"°2
r
atsr
3H: 2 moie %; Buik
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Comonomer
BDCA
CDBA
Broraa
1
% Chloral in Feed % Chloral in
Copolymer
75 82
50 58
25 31
75 86
50 64
25 46
75 100
50 100
25 100
TABLE 19
Chloral/BDCA and Chloral/Bromal CoPolyn>er Compositions
ff'SSfSMSSt* 1"*'- Concentration? 2.0 Tie
Percent Chloral in
Feed
Comonomer Percent Chloral
in Copolymer
75%
50%
25%
Bromal 100
98
98
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The data in Tables 18 and 19 show that in copolymer-
izations in the presence of acid chloral, BDCA and CDBA
were much more reactive than bromal. tfcion anionic con-
ditions at
-78°C chloral was more reactive than CDBA.
Bromal was very unreactive under any conditions.
Infrared Spectra
BDCA/chloral copolymers had infrared spectra con-
taining narrow sharp lines in the region 1400-1300 cm"!
and near 2940 em*. At 2940 cm* only one narrow line
was observed and between 1400 cm" 1 and 1300 cm" 1 only
two sharp lines were observed. These lines correspond to
C-H stretching and C-H bending motions. Only one kind of
C-H bond was present in the copolymer. A 1 to 1 mixture
of the homopolymers of chloral and BDCA had 4 lines on
the region 1300-1400 cm" 1 and two lines in the 2940 cm" 1
region. Two separate homopolymers mixed together showed
distinct and separate C-H bonds. The infrared spectrum
of the mixture in the 900 cm" 1 to 600 cm" 1 region looked
like a superposition of two infrared spectra of the
homopolymers. The copolymer however had a spectrum in
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this region which was different from each homopolymer
spectrum and which was not a simply superposition of the
two. The copolymer was probably a true copolymer and not
a simple mixture of the homopolymers of chloral and BDCA.
In other regions of the infrared spectrum, particu-
larly in the region 1200 coT* and 900 cm"! where the
carbon-oxygen single bond stretching bands occur, the
copolymer spectrum closely resembled the homopolymer
spectra. The same kinds of infrared active motions took
place and therefore the copolymer was probably a helical
structure like polychloral. The two groups
-C Cl3 and
CBrCl2 could be accommodated in the same helix.
Furthermore infrared spectra of chloral - CDBA H
copolymers showed sharp single lines at 2940 cm" 1
, 1350
cm
.
Mixtures of the homopolymers of chloral and CDBA
showed two lines near 2940 cm" 1
, two lines near 1350
cm"
1
and two lines near 1310 cm" 1
.
The infrared spectra of the chloral-bromal copoly-
mers could be nearly superimposed on the spectra of
chloral homopolymers particularly in the region 900 cm" 1
to 600 cm" 1
.
A weak band at 630 cm" 1 where a carbon
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bromine stretching motion would be exnect^D pected was observed
This band was not preSent in extracted samples showing
that they were pure polychloral according ^
spectra. The conclusion is that bromal cannot easily be
accomodated in the polychloral chain. Polybromal can
cannot enter the polychloral chain with the same ease
that the CCl2 Br and Br2CCl group can.
Thermal Analysis
The DTG curves for copolymers of chloral and BDCA
and for the copolymers of chloral and CDBA prepared under
anionic conditions each showed one maximum and not two or
more maxima, but a mixture rtf +™ u~ i
,
u d or two homopolymers showed the
two different maxima of each homopolymer.
The DTG curves for the copolymer prepared by
cationic initiators, shown in Appendix 3, had maxima at
high temperatures. These copolymers were more stable
than the copolymers prepared under anionic conditions.
Several maxima were observed in the DTG curves and chars
remained from these copolymers prepared under acid
conditions. Copolymers prepared under anionic conditions
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and not treated with PC15 or acetic anhydride, degraded
con,pletely without ieaving any char. The DTG data is
summarized in Table 20.
Analysis by Differential s»nn <„„
^Inrlm,
,
,
TABLE 20
DTG MAXIMA FOR ALDEHYDE COPOLYMERS
Copolymer Initiator Maxima
BDCA/Chloral Pyridine 144
BDCA/Chloral CF3SO3H 249
CDBA /Chloral Pyridine 125
CDBA/Chloral CF
3S03H 250
The DSC curves for the copolymers in the temperature
range of
-80°C to the polymer decomposition temperatures
did not reveal any transitions.
Copolymers with Isocyanates
The copolymers of BDCA, CDBA and bromal, with phenyl
isocyanate and n-butyl isocyanate were formed under
anionic conditions and the polymerizations were gel
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forming. The amount of isocyanate incorporated in the
copolymer chain varied considerably with the structure
of the aldehyde and the isocyanate.
Elemental Analysis
The copolymer compositions for the aldehyde-
isocyanate copolymers were determined by elemental analy-
sis for nitrogen. The analysis and the percent isocyanate
is shown for each copolymer in Table 21 (page 256) The
data in the table indicate that the order of reactivity
of the aldehydes with isocyanates in copolymerization
decreases with increasing side group size of the alde-
hyde. Much more phenyl isocyanate was present in the
copolymer of bromal than in the polybromodichloroacetal-
dehyde chain when 10 percent of the isocyanate was pre-
sent in the feed. The broraal-phenyl isocyanate copoly-
merization yielded a copolymer that was very nearly a
1 to 1 copolymer when the phenyl isocyanate was in slight
excess in the feed. The reactivity of Cl
2CBrCH0 was
therefore higher in isocyanate copolymerizations and
less isocyanate was incorporated. The reactivity of
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TABLE 21
COMPOSITION OF ALDEHYDE ISOCYANATE COPOLYMERS
BDCA-PhNCO
CDBA-PhNCO
Bromal-PhNCO
% Isocyanate
in JFeed
5
10
20
50
5
10
20
50
5
10
20
50
55
BDCA-M-butyl-
NCO 50
CDBA-M-butyl-
NCO 50
Bromal-M-butyl-
NCO 50
Bromal-p-
CH3Ph NCO
Analysis
_for N
%
in
Isocvana
Product
7
13
X • HO 16
2 Rl<~ • o / 32
0.58 7
1.02 13
2.11 27
2.96 38
0.54 7.8
0.77 11.0
1.24 17.7
3.02 43. 1, 44.2
3.46 50.0
50
0.58
0.68
0.45
1.15
4.6
10.0
6.4
16.4
K
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bromal was so low at - 78 o tha t a nearly 1.1
formed. y
'
1 CoPolymer was
^ data in Table
xso indicate thai- „ v
"ocyanate and ~„ «. "-butylparamethylphenyl is
active than phenyl iso mUChP isocyanate.
n,e alipha ,. .
- -corpor.ted to a mll ex£ent .
Mods.
6
" 311 "Polyneriza-
ISfraredSpectra
*» absorption at 5.75 u in all of the
spectra indicated _
° C°po1^
the presence of a urethane
molecule. ln the
C f
i
0
fi
- n-
CXq HJ 0
The intensity of m,^ u „
the •
^ W3S Cl°sely related toisocyanate content in h,l the copolymer (according to theanalysis sy 13 f0r
"trogen) and the spectra ,7 ,
^ectra of chloral i
'
1Socyanate copolymers. Changes in thespectra with increase •creasing isocyanate content in the r«H
of 1400 to QOO „ -1 Sl
°n
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of known composition.
The carbon hydrogen bending lines near 1320 coT 1
and 1360 .-1 were unchanged in position but sUghtly in
intensity whenM amounts of isocyanate ^
The carbon-oxygen ether bands around 1100 «-l Mere also
affected very little by smaU amounts (up ^ 1Q%) Qf
isocyanate in the chain. The internal order of the
chain was not affert-oH ti,„ _trr cted. The urethane links and the
Phenyl groups did not seriously distort the conformation
of the polyaldehyde chain until the isocyanate content
reached about 10%. For the copolymers containing more
than 10 percent isocyanate the infrared spectra changed
rapidly in the 1400 cm"! to 900 cm"! region with increas-
ing isocyanate content. The lines in the region of 850
cm-1 to 600 cm-1 were not shifted but changed in inten-
sity linearly in copolymers with high isocyanate content.
These bands are due to carbon halogen stretching motions
and are not greatly affected because the halogen atoms
are not bonded directly to the polymer backbone.
259
Thermal Gravimetric Analysis
The DTA curves for the isocyanate-Perhaloacetalde-
hydes copolymers are shown in Appendix 2 and the maxima
in the degradation rates are listed in Table 22.
TABLE 22
DTG MAXIMA FOR ALDEHYDE- ISOCYANATE COPOLYMERS °KHeating Rate: 20°C/Min.
Copolymer % Isocyanate
in Copolymer
Temperature of maximum
degradation rate
Tl T3
BDCA 13.7
16.1
31.9
220
218
238
304
323
298
CDBA-PhNCO 7.5 232 323
Bromal-PhNCO 7.8
50
220
257
248 296
Bromal-Ch^PhNCO 16.4 255 288
The data in the table indicate that the copolymers
were muchnore thermally stable than unstabilized homo-
polymers which were prepared by anionic initiation. The
urethane link prevented an unzipping of the polyaldehyde
chain from unstable groups. Several maxima were some-
times present in the DTA curves. The ultimate stability
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of these polymers are not as high as stabilized homo-
polymers which indicated that the urethane link is not as
stable as polyoxymethylene backbone. After degradation
of the isocyanate copolymers a char always remained.
Different ial Scanning Coloremitrv
In the temperature range of
-80°C to jist below the
copolymer decomposition temperature the DSC data did not
provide evidence for a glass transition or a melting
point for any of these copolymers. Even the bromal
phenyl isocyanate 1 to 1 copolymer did not appear to have
a Tg or Tm below the decomposition temperature.
Wide Angle X-ray Scattering
The wide angle x-ray diffraction patterns of the 3
copolymers of BDCA, CDBA and bromal with phenyl isocyan-
ate (the isocyanate content was about 10% in each copoly-
mer) showed broad lines indicating that crystallinities
of these copolymers were less than the crystallinities
of the homopolymers. The soluble bromal phenyl isocyan-
ate 1/1 copolymer however gave sharp lines in its x-ray
diffraction pattern. The spacings were unique and they
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had no resemblance to the spacings in the bromal homo-
polymer pattern. 9* i:1 copolymer u &
ordered structure which would be expected if the 1/1
copolymer were perfectly alternating.
Low Angle Light 8c£ttgrlng
Films of a chloral-O-chlorophenyl isocyanate copoly-
mer and a BDCA-phenyl isocyanate copolymer, each contain-
ing 5% isocyanate, were analyzed by low angle polarized
light scattering. The cross observed in the Hv photo-
graph of the homopolymer films was not present in the
copolymer photographs. The Hv scattering of the copoly-
mer was featureless and the rodlike morphology which was
present in polychloral and polybromodichloroacetaldehyde
present in the isocyanate copolymers and indicated the
absence of a rodlike superstructure. The Vv patterns
were circularly symmetric and very intense. The Vv
scattering arose from density fluctuations primarily and
not from fluctuations in directional orientation of a
rod optic axis. The rods were very small if they were
present
.
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Solubility and NMK Spectrum
The bromal-phenyl isocyanate 1 : 1 copolymer wag ^
only copolymer that was soluble in some organic
Dichloromethane was the best solvent (J. 9.7). An NMR
spectrum of this copolymer is shown in Appendix 1. One
broad signal extending fro. 6.68 to 7.18 roughly Gaussian
in shape was the only signal observed. A line between 5
and 6 PPM which would be expected for a polybromal acetal
proton was not observed. This seems to suggest that the
copolymer is completely alternating with only urethane
linkages in the polymer chain.
The proton of the urethane linkage was probably
part of the broad peak which was produced by the phenyl
protons
.
Molecular Weight
The number average molecular weight for the bromal
phenyl isocyanate 1:1 copolymer was about 7000 by vapor
phase osmometry. Chloral isocyanate copolymers contain-
ing more than 30% isocyanate are also soluble and have
been reported to be low in molecular weight.
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H. Miscellaneous Experiments
A series of experiments were designed to determine
the effect of a highly sclvating solvent on the stereo-
regularity of the polymerization of chloral and BDCA.
Dimethyl sulfoxide, a solvent of good solvating power,
was selected for these experiments. Pyridine and tri-
aethylamine were the initiators for anionic polymeriza-
tion of chloral and BDCA in DMSO. The initiators were
added to the monomer solutions which were maintained above
the polymerization temperatures and the solutions poly-
merized by cooling in a bath of
-10°C and
-40°C. The
polymerizations proceeded rapidly but the rates were
slower than typical bulk polymerizations. Homogeneous
waxes were formed in every case and they were polymer
swollen with DMSO. The DMSO partially sdlvated the
chains to produce the translucent taxes; addition of any
solvent caused a partial precipitation of the product.
The reaction conditions and yields are given in Table 23.
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TABLE 23
ALDEHYDE POLYMERIZATION OF CHLORAL AND BDCA IN DMSOReaction Time: 16 Hrs.
Monomer Initiator
2 mole °L
Monomer
t-ird l. ion
Concen- T bath°C
m DMSO Reaction
Product
Yield
Pyridine 5M
-10° 63
n-i 1 ni-y o 1lOIa L Pyridine 3M
-10° 42
Chloral (C2H5) 3N 5M -10° 68
Chloral (C3H5 ) 3N 3M -10° 45
BDCA Pyridine 5M -30° 50
BDCA Pyridine 3M -30° 38
BDCA (C2H5 ) 3N 5M -30° 52
BDCA (C2H5 ) 3N 3M -30° 38
Chloral No initiator 5M" -10° ' 53
An infrared spectrum of each reaction product was
taken. All of the infrared spectra of the reaction pro-
ducts could be superimposed on previous infrared spectra
of Cl^CCHO and BDCA homopolymers
. These products could
be stabilized by treatment with PC15 in CCI4. The reac-
tion products were insoluble in all solvents when at-
tempts were made to dissolve the precipitated polymers.
The polymers were nearly amorphous according to their
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wide ang le x-ray diffraction diagrams.
We concluded from these experiments that according
to 1.1. spectra, the polymers were still isotactic like
the polymers prepared in bulk and in poorly salvating
solvents
.
DMSO initiated the polymerization of chloral without
added tertiary amines. The polymerization was much slow-
er than polymerizations with added initiator. The spec-
trum of this polymer was also the same; consequently,
the polymer stereochemistry was also identical to poly-
raers obtained previously.
Chloral and Cl2CBrCHO each polymerized in nitroben-
zene, a solvent with a high dielectric constant, a good
solvent for cationic polymerizations in the presence of
CF3SO3H to form polymers. I.R. spectra could be super-
imposed on I.R. spectra of polymers prepared in bulk with
pyridine. As the initiator, the yields were considerably
higher for polymerizations with CF3SO3H initiation in
nitrobenzene (50%) than for bulk polymerizations with
CF3SO3H initiation of chloral and BDCA (30%). These
polymerizations in highly solvating or high dielectric
266
constant solvents yielded isotactin ic polymers only.
2. Crystall
Piperidine and other sernn^condary amines degraded
chloral dichloroacetaldehyde
copolymers which
stabilized (157) ^
^ W l° «*
Secondary amine*?y nes and primary amines
were the only compounds that quantitative! „H ctnuitatively degraded
these copolymers.
« was postulated that secQndary amines ^ ^^^^^
-thane „ould penetrate ^ ^ ^^
Without penetrating and degrading the
An independent measure of cnstalHnUryst lmity would be possible
if this selective degradation took place.
The results of this experiment on several homopoly-
-rs are shown in Table 24 (see p. 267)
. n.
were exposed to piperidine in dichloromethane for 24
hours at 25oc. ^ results _ reproducable ^ sampies
of polymer prepared with a given initiator. The weight
of each sample remained constant after 24 hours.
The piperidine degraded the polychloral which had
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TABLE 24
EFFECT OF PIPERIDINE ON HOMOPOLYMERS
Sample Initiator used % Weight
for Preparation Loss
% Cryst.
it - °h
ecu
Ph 3p 49.3 50.7
H
CC1
Pyridine 50.4 49.6
CC1
Li Tert Butoxide 45.1 54.9
H
H
2
S04 77.0 23.0
BRCC12
Pyridine 53.4 46.6
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been prepared fro. chloral ana H2S04 to the greatest extent
This sample „as nearly amorphous according to wide angle
*-ray scattering. In contrast the other polychloral sam-
ples prepared from chloral and an anionic initiator were
more stable. Thesp an-io«-f« ~ iin e anionic polymers were semi-crystalline
according to wide angle x-ray scattering.
Recently a correlation between tensile modulus and
percent crysta llrnity was published. (156 )
1/5 1 5 i/s
6 obs = 0
X Gl + 02 G2
Where G obs is the observed modulus and Gj. = modulus of an
isotropic amorphous phase and G2 is the modulus of the
crystalline phase. The values of Gl has been assumed to
be 2 x 106 dyne /cm2
. If the published value of 4800 psi =
0 8 23.32 x 10 dyne/cm is used for G obs then 0 X - 0.46 or
the percent crystallinity is equal to 54%. The values
for the percent crystallinity according to the modulus,
x-ray data, and piperidine degradation data are fairly
close. The conclusion of this experiment is that crystal-
linity of an aldehyde homopolymer might be measured by a
unique method involving the degradation of the amorphous
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regions by some compound that will induce unzipping- p<jly_
chloral has a rodlike morphology with some amorphous regions
and a percent crystallinity may represent the percent of
the volume that is filled with well organized rods.
3.
A 1:1 mixture of chloral and pivalolactone was reacted
with 1 mole percent tri (n-butylphosphine) in three separate
experiments. In the first experiment, the tri(n-butyl-
phosphine) was added at 0°C and a solid product formed
within one hour. This product was isolated and purified.
Its infrared spectrum could be superimposed on previous
spectra for polychloral.
? n-Bu3P H
+ C = 0 *- 4-c— oV-
cci
3 0°
T
ici3
W
In the second experiment, tri (n-butylphosphine) was
added at 70°C to the 1:1 mixture. The mixture was main-
tained at 70°C for one hour. Polypivalo lactone oligomer
was isolated from this reaction mixture as the only solid
product. The l.R. spectrum could be superimposed or
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published spectra for polypivalolactone
.
In the third experiment, tri(n-butylphoSpnine) was
cooled in a bath to 0°C for one hour. A solid block of
polymer was isolated in 657Q yield *jhi„uJ/o y i which was insoluble in
acetone and trifluoroacetic acid. The l.R. spectrum of
this product showed absorptions of polychloral polypivalo-
lactone, and additional absorptions.
H3C
0 70 then - v
0°
CH2—
(S3
c-
I
CH
3 0
This product was either a copolymer of chlor and pivalo-
lactone with blocks or an intimate blend of the two homo-
polymers. The analysis for chlorine indicated that this
polymer had a composition of nearly 1:1.
4. Attempted Copolymerizat ion of Chloral with Acrvlon i
-
tnle and of Bromai with Acrylonitrile nn,W ArTTT^T
Conditions
Polar olefins with election withdrawing substituent
are known to polymerize under anionic conditions.
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Relatively weak nucleophiles havP wP e been reported to initiate
the polymerization of acrylonitrile
. In this set Qf ^
periments, an attempt was made to determine whether
acrylonitrile would copoly.erize wlth chloral Qr^
under reaction conditions used for the aldehyde homopoly-
merizations. Acrylonitrile was used as a potential co-
monomer and the polymerization was carried out with chloral
and with bromal by cryotachensic polymerizations.
Chloral homopolymerized in the presence of acryloni-
trile with pyridine as the initiator used. Polychloral
gels were formed and the yields of polychloral were about
50%. l.R. spectra of the products could be superimposed
in the spectra of chloral homopolymers
. No other polymeric
products could be detected and no polyacrylonitrile was
formed. Bromal also homopolymerized in the presence of
this acrylonitrile. Acrylonitrile simply acted as an
inart diluent.
The failure of the polychloral anion or the polybromal
anion to initiate the polymerization of acrylonitrile was
probably due to the low nucleophilicity of the oxyanion.
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5
* faction of Trioxane. Rrnma1 ayH
Antimonypentachloride ~
Trioxane homopolymerized in excess bromal in the pre
sence of SbCl5 at 35°C. An infrared spectrum of the iso-
lated product could be superimposed on a l.R. spectrum of
polyoxymethylene. Bromine was absent in the product ac-
cording to elemental analysis. A soluble copolymer of
trioxane and bromal could not be isolated from the reac-
tion
.
6
*
Reaction o f Chloral
T EpichlorohvdrJn . anH
Triphenylphosphine
Chloral, epichlorohydrin, and the nucleophile tri-
phenylphosphine were mixed at 70°C and were injected, by
monomer casting, between glass plates to form a film of
polymer. The polymerization was very rapid at 0°C. The
product contained a fraction that was stable at 120°C.
This product had an l.R. spectrum that contained all of
the polychloral lines and many other lines including a
band in the saturated carbon hydrogen stretch region.
Analysis for chlorine indicated that this product had less
chlorine than theory for polychloral. This stable frac-
tion represented 1/3 of the total product. The remainder
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was unstable at 120°C and degraded to moncneric chloral
after 48 hours. The product contained polychloral and a
second fraction which may have substituted ethylene oxide
units which stabilized this fraction.
CCI3CHO + CH?—CH
I
Ph3P
CH
2
C1
H
4-c— oi-
1
t 'u
CC1
CH.
L cci n
CH
I
CH
2C1 X
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CONCLUSIONS
BDCA, CDBA, and bromal polymerized ^ ^ ^
nucleophiles and certain acids to form insoluble semi
crystalline substituted polyoxymethylenes
. The ele-
mental analysis, l.R. spectra> thermal degradat . Qns
and wide angle x-ray diffraction patterns suggested
that these homopolymers closely resembled isotactic
polychloral when they were prepared in bulk, in low
dielectric constant solvents, and in high dielectric
constant solvents under anionic and cationic condi-
tions. The size of the trihalomethyl groups caused
steric crowding in the growing polymer chains which
permitted monomer addition in only one stereospecific
way in the meso configuration to form isotactic poly-
mers. Stereoregular polymers were obtained without
the use of stereospeciflc or stereoelective initiators
in every case where the side group was as large or
larger than the trichloromethyl.
BDCA was more reactive than CDBA which was more re-
active than bromal since the threshold temperatures
275
«ere found to be
-U°C (BDCA)
, -43°C (CDBA) and
-75°C
(br°nal)
- ^ thresh°" Polarization te.peratures
decrease with successive substitution of bromine for
chlorine and successive increase ln side group size
_
For polarizations in the presence of rucheophiles,
good conversions were obtained for an ^t a r J
-l 3 monomers, but
in the presence of acids rrmA aT^a , ldba and bromal were much
less reactive than BDCA.
Homopolymers of BDCA, CDBA, and bromal (like poly-
chloral) prepared under anionic conditions degraded
quantitatively to monomer around 150°C but they could
be stabilized by treatment with PC15 up to 250°C. The
homopolymers prepared in the presence of acids con-
tained fractions with different end groups and several
maxima were observed above 200°C in the DTG curves.
X-ray scattering patterns for homopolymers of BDCA,
CDBA, and bromal closely resembled the x-ray patterns
for polychloral. Low angle light scattering patterns
for polychloral and for polybromodichloroacetaldehyde
indicated the presence of a rodlike morphology and
276
some amorphous regions and the absence of spherulites.
The structure and morphology for all homopolymers were
very similar, regardless of the initiator used in
their preparation.
No transitions, Tg , or Tm , were observed for stabil-
ized homopolymers of BDCA, CDBA, and bromal below the
decomposition temperatures.
CDBA, BDCA, and bromal copolymerized with isocyanates
and with chloral. The isocyanate copolymers were
similar to chloral-isocyanate copolymers in solubility
behavior, crystallinity, and thermal stability. Bromal
was more reactive than CDBA which was more reactive
than BDCA in copolymerizations with isocyanates. The
copolymers of CDBA, BDCA, and bromal with chloral were
probably helical and were very similar to the homo-
polymers of these monomers. The bulky side groups
caused steric hinderance which allowed successive
stereospecific addition during copolymerization with
chloral.
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IR Spectrum (K3r) of Pcly-CI2C3rCH0
(cationlc, HaS04 )
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RATES OF HALOALDEHYDE POLYMERIZATION
NMR STUDY
Initiator Pyridine (2 mo!e%)
Monomer Conc. : I molar in toluene
Cooling Temp. 10° to 20° below T
c
90-
Tlme, in hrs.
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RATES OF HALOALDEHYDE POLYMERIZATION
NMR STUDY
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APPENDIX IV
- TOE ANGLE MAY SCATTERING PATTERNS AND
LCtf ANGLE LIGHT SCATTERING PATTERNS
FIGURE 3
WIDE AISLE X- WI SCATTERING PATTERNS
At PQI2ERGM&L
B: POIZGHK)RCOIBROI^CmiIiEI]IDE
D: ERGMA.L / HIENXLlBCCIiilATE CQPQEDBffi

FIGURE h
V7XDS ANGIE X~RAT SCATTERING PATTERN OF POLTCHLORAL

FIGURE 5
MTAHHB POIARIZED LIGHT SCATTERM) PATTERN
SralS^? P0IArazER Aaana,
6
FIGURE 6
lcw angle polarized light scatterm* pattern
polarizer totical| aeaezizea horizontal
A t P0LOTa-!O3ICHL0RQAOTAI235I^
B J CHLCRAI/ BDCA COPOLXMER

FIGURE 7
L077 ANGLE POLARIZED LIGHT SCATTERING PATTERN
POLARIZER VERTICAL, A13ALYIZER HORIZONTAL
CHLORAL/ PHEmiSOCIUmTE COPOLYMER
% 3SOCI&IRTE IN COPOLHER

APPENDIX 6 PHOTOGRAPHS OF CEILING TEMPERATURE
APPARATUS AMD OF POXYCHLORAL AND POLXBROMAL
SPACE FILLING MDDBIS
on a
319
Purities
_by Ckis Chromatography
The purities of polymerization grade bromal, bromodichloroacetaldehyde
and chlorodibromoacetaldehyde were determined by gas chromatography
diisodecyl phthalate column (35% on chromosorb W) 2 meters in length.
The column conditions and retention times are given in Table 6 below.
G .C. Analysis of Monomers
Monomer Column Tempsralure Retention Time Total
Impurities %
Cl 2CBrCHO 90° 13 min. 48 sec. 0.2
Br2CCl CHO 110° 15 min. 42 sec. 0.2
Br3 C CHO 130° 16 min. 30 sec. 0.1
The total amount of impurities present in each monomer was determined.
Purity standards were established by spiking highly purified toluene with
carefully measured amounts of acetone . The sizes of the impurity peaks in
the monomer chromatograms were compared with the standardized impurity peaks
The monomer samples were submitted for gas chromatographymass spectral
analysis. The GC-mass spectral analysis of the impurities was very difficult
because of their low concentration. It was not possible to determine the
identity of the impurities in the polymerization grade monomers.



APPENDIX V - MONOMER PURITIES BY GAS CHROHATOGRAPHX
FIGURE 11 PHOTOGRAPH OF THRESHOLD POLYMERIZATION
TEMPERATURE APPARATUS

FIGURE 12
PHOTOGRAPH OF A SPACE FILLING MODEL FOR POLYCHLORAL
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FIGURE 13 PHOTOGRAPH OF A SPACE FILLING MODEL
OF ISOTACTIC POLTBHOMAL


